DISCLAIMER

Before visiting any of the sites described in the New
England Intercollegiate Geological Conference
guidebooks, you must obtain permission from the
current landowners.

Landowners only granted permission to visit these sites
to the organizers of the original trips for the designated
dates of the conference. It is your responsibility to obtain
permission for your visit. Be aware that this permission
may not be granted.
Especially when using older guidebooks in this
collection, note that locations may have changed
drastically. Likewise, geological interpretations may
differ from current understandings.
Please respect any trip stops designated as "no
hammers", "no collecting" or the like.
Consider possible hazards and use appropriate caution
and safety equipment.
NEIGC and the hosts of these online guidebooks are not
responsible for the use or misuse of the guidebooks.
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FORWARD: FIFTEEN YEARS OF PROGRESS IN UNDERSTANDING T HE
GEOLOGY OF VERMONT
Introduction:
Since 1972, when NEIGC was last held in Vermont, advances have occurred in
all branches of geology. The most notable local applications of these advances
involve applying the model of plate tectonics to Paleozoic and Mesozoic geologic
history of the Vermont Appalachians. The products of sedimentation, faulting,
folding, metamorphism, and igneous intrusion preserved in the rock record are
now understood in relation to the processes of rifting, seafloor spreading,
subduction, obduction, transform faulting, and collision of outboard terranes: A
new level of clarity in picturing the ancient history has resulted from old fashioned
field work mixed with new ideas.
Literature concerning Vermont geology is becoming increasingly abundant.
References in this guidebook alone call attention to a large part of the material
published during the last 15 years, but numerous works have gone unmentioned.
The Vermont State Geologist, Dr. Charles A. Ratte, is making an effort to maintain
an up-to-date record of work done in Vermont. He started by publishing
Bibliography of Vermont Geology (Ratte and others, 1980) which has been followed
by a supplement (Ratte and Vanecek, 1983).
As our understanding of the local geology advances, it is still co.nvenient to talk
about geographic regions of the state using familiar terms, but it is important t_hat
the names we use are free of false implications. A case in point is the term
"Connecticut Valley Synclinorium" which Hatch (Trip B-3) would like to see
replaced by "Connecticut Valley Trough". Until it is determined with certainty
whether the fine-grained rocks of the Northfield Formation and Meetinghouse Slate
(constituting the flanks of that terrain) are the oldest or the youngest rocks of the
belt, we won't know if the structure is anticlinorial or synclinorial.
New data and new interpretations of old data are abundant in the articles of
this guidebook, and the remainder of this forward will be used to call attention to
this information (see Figure 1 for trip locations). A familiarity with the classical
ideas regarding Vermont's geologic history is assumed, and frequent reference is
made to the locations within the guidebook where fuller coverage can be found.
I
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Grenvillian Basement Massifs:
For the past several years, Karabinos (Trip C-7) has been mapping in the
northern part of the Green Mountain massif, a structure cored by the Mount Holly
Complex which was first deformed during the Grenv~lle orogeny in Middle
Proterozoic time. He has recognized two units in the massif, a tectonically higher
unit (northeast) overlain by an eastern cover sequence and a tectonically lower
unit (southwest) overlain by a western cover sequence. The fact that the grade of
the Proterozoic metamorphism there was higher than the grades of metamorphism
during Paleozoic time helps distinguish the basement rocks from those of the cover.
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Figure 1. Location map for NEIGC '87 Field Trips. Western half of base after
Stanley and Ratcliffe (1985); eastern half after Doll and others (1961).
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Stanley and others (Trip B-8) have been studying basement gneisses further to
the north and they report Proterozoic mafic dikes which crosscut the Grenvillian
foliation along the western margin of the Eastern Lincoln massif. Coish (p. 345 and
following) has provided the results and interpretations of his geochemical studies
of these rocks which he is able to classify as transitional basalts. These studies
support a model in which Late Precambrian rifting initiated the development of an
ocean basin (Iapetus Ocean of Rodgers, 1968).
Deposition During Late Precambrian Rifting and Early Paleozoic Time:
Deposition of the earliest sediments on the rifting erosion surface of Middle
Proterozoic basement is discussed in several places in the guidebook. Karabinos
(Trip C-7) has examined the cover sequences resting unconformably on the Middle
Proterozoic Mount Holly complex in the northern part of the Green Mountain
massif. After studying the rocks north of the exposed portion of the massif, he
finds that a facies change is not observed between the eastern and western cover
sequences, but rather they are in fault contact. Stanley and others (Trip B-8)
discuss the characteristics of basal conglomerates of the Pinnacle Formation which
overlie the gneisses of the Mount Holly complex along the western boundary of the
Eastern Lincoln massif.
Late Precambrian/Early Cambrian stratigraphy in southern Quebec has been
studied by Colpron and others (Trip C-5) who have been able to determine that
subsidence there during the rifting stage remained slow during deposition of the
Pinnacle Formation but then accelerated in White Brook time. This contrasts with
the more rapid subsidence recorded in Vermont throughout this whole period.
Their explanation involves the proximity of the Sutton area to the paleo-position of
the triple junction that generated the Quebec reentrant.
Following deposition of the initial rift facies in the newly developing Iapetus
Ocean, a stable platform sequence developed during Cambrian and Ordovician time
as sedimentation kept pace with the passive subsidence of the shelf (Rodgers,
1968). Mehrtens, Parker and Butler (Trip B-6) describe the facies and evolution of
the Cambrian platform sequence in northern Vermont. Study of the thr~e
dimensional spatial distribution of the sequence showed that after the rift elastics
were covered by the sands and distal equivalents of the Cheshire Formation, part
of the platform collapsed along a listric fault. On the "upthrown" block, the section
developed vertically to form the platform sequence. The whole region was
experiencing thermal subsidence, but platform sedimentation kept pace with
subsidence from Dunham to Danby time. This study provides an excellent example
of how the detailed work by geologists trained in ·one field (here stratigraphy and
sedimentation) can be interpreted in the light of other fields (here structure and
tectonics) with the results being a more exciting and visable reconstruction of the
historical record.
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Looking higher in the platform sequence, Chisick, Washington and Friedman
(Trip C-4) have been working to establish the stratigraphic and temporal relations
of the Middle Beekmantown Group in central and southern Vermont. They review
the regional setting in which the shelf sedimentation was occurring during
Ordovician time in that area. Their work includes the results of applying an
understanding of the regional structural style of thrust faulting to resolve the
locally complex arrangement of the stratigraphy.
MacLean (Trip A-4) has studied the Middle Ordovician Glens Falls Limestone,
located stratigraphically above the Beekmantown Group discussed above. The
alternating limestone and shale beds of this formation record a portion of the
depositional history in a rapidly subsiding foreland basin located between a
continental massif to the west and an active island arc with impinging thrust
nappes coming in from the east. He recognizes that prior conclusions regarding
lateral continuity of the section were oversimplified. Pinching of formational
thicknesses to the south and fades changes within the Trenton Group to the
northeast support tectonic interpretations that such changes may be the result of
syndepositionally active block faults. The results of MacLean's work are indicative
of how new understanding of tectonic setting provides new perspectives on the
history of sedimentation.
Deformation and Metamorphism in the Fore1and. Transitional Zone. and
Pre-Silurian Hinterland:
Sedimentation in the early Paleozoic Iapetus Ocean continued throughout the
spreading and collisional stages until closure of the ocean occurred. Histories of
deformation and metamorphism differ along the length of the orogen, and several
articles in this guidebook call attention to those differences. Stanley, Leonard and
Strehle (Trip A-5) have studied the structural history of the foreland and
transitional zone in northwestern Vermont where they recognize north-south
trending folds and easterly dipping imbricate thrust faults. They report that along
the western margin of the orogen, the Champlain thrust differs in its geometry
from the smaller Hinesburg thrust which developed along the overturned limb of a
large recumbent fold (Dorsey and others, 1983). They also note that seismic
studies have shown that these thrusts extend eastward under the Green Mountains
and that the major folds of western Vermont are formed by duplexes and related
structures. High-angle Mesozoic faults cut the eastern part of the Platform
sequence. Detailed petrographic studies of rocks from the fault zones have
increased the confidence in interpretations regarding directions of movement and
the conditions within the faults at the time of movement. Regional considerations
reviewed in Stanley and Ratcliffe (1985) lead to the conclusion that most of the
movement occurred during the Taconic orogeny, but it is important to recognize
th at available information does not place constraints on the amount of
post-Ordovician movement.
vi

Deformation of the foreland has also been studied further to the south in the
central Champlain Valley by Washington (Trip B-9) who reports here on the
temporal and spatial relations between secondary structures and thrusting. He
reviews the various types of thrust systems (duplex and imbricate fan) and the
types of folds recognized to be related to these systems (fault-bend folds and
related ramp-bend fold trains). Washington has found that the relationship of
these folds to the faults that produce them, and the cleavage and joints that form in
association with them, can be used to locate thrust faults which are not exposed.
Numerous thrust faults which imbricated the basement and cover rocks of the
Green Mountain massif have been recognized by Karabinos (Trip C-7). These
westward-directed thrusts have locally transported basement onto the western
cover sequence, have separated the massif into two recognizable tectonic units each
having its own cover sequence, and have juxtaposed the eastern and western cover
sequences north and south of the massif so as to erase the opportunity for
determining if the sequences are related by fades changes. He suggests that a
large duplex structure involving both western cover and basement may help
account for the anticlinorial structure of the massif. The evidence preserved does
not allow him to determine if the thrusting occurred during the Taconic orogeny,
during the Acadian orogeny, or, as was the case with metamorphism, during both.
Stanley and others (Trips B-8 and C-6) describe a complex history of
synmetamorphic thrusting in pre-Silurian rocks located between the platform to
the west and the Moretown Formation to the east in central Vermont. They have
concluded from their detailed but widespread mapping efforts that the
stratigraphy may have been quite simple prior to a complex history of
deformation. For example, they propose that the Battell Member of the Underhill
Formation, the Granville Formation, and the carbonaceous schists of the Hazens
Notch, Pinny Hollow, and Stowe Formations were part of a once-continuous deposit
along the eastern edge of North America. They also propose several other
correlations between very similar lithologies which have been previously mapped
as separate units, suggesting possible physical continuity of these rocks at the time
of their deposition.
.
The deformation of the pre-Silurian rocks is seen by Stanley and his students
to be the result of eastward-dipping subduction and the associated westwarddirected thrusting. Laird (p. 339 and following) has placed some constraints on the
conditions during this synmetamorphic deformation by determining that an earlier
medium-high pressure faci~s metamorphism was followed by a lower greenschist
fades metamorphism in mafic schist near a contact between the Pinney Hollow
and Ottauquechee Formations. Coish (p. 345 and-following) reports on geochemical
studies of metamorphosed mafic volcanics in Vermont. Such rocks from the
western part of the belt show evidence of having formed within a continental plate,
those further to the east have characteristics of having formed near an ocean ridge,
vii

and mafic volcanics found in between show charcteristics reflective of both
environments. These results support a rifting model with the sequential formation
of mafic volcanic units later followed by their accretion during compressional
tectonism.
To the north of the area being studied by Stanley and his students, Thompson
and Thompson (Trip C-8) have done detailed mapping of structures along the axial
trace of the Green Mountain anticlinorium (GMA) north and south of the Winooski
River. They recognize two early episodes of folding and interpret them to be of
Taconian age, but the third and youngest folding episode is interpreted to have
produced the anticlinal structure during the Acadian orogeny. This interpretation
conflicts with that of Colpron and others (Trip C-5). Thompson and Thompson have
also mapped folded fault surfaces which predate the anticlinal folding, much like
those described in rocks to the south by Stanley and others (Trips B-8 and C-6).
Doolan, with Mock and McBean (Trip B-2), provides a complex model of
accretion during Ordovician subduction to explain the structures of the Camels
Hump Group in northern Vermont. Most of these rocks were deposited as riftrelated elastics, laid down prior to the development of a platform sequence.
Following the early stages of westward-directed thrusting, some of the supercrustal
rocks are proposed to have been backfolded eastward out over the oceanic
lithosphere. The model culminates with the deeply deposited Stowe Formation to
being thrust westward over the backfolded rocks below. In the process it emerged
to provide clasts to the unconformably overlying Umbrella Hill Conglomerate
(located at the base of the Moretown Formation). Part of Doolan's model is the
separation of the Taconian deformation, which concluded with eastward-directed
backfolding, from the collisional stage when island-arc terranes were accreted.
Doolan suggests that this final stage was perhaps Acadian and produced the
regionally prominent cleavage, the Green Mountain anticlinorium, and the further
westward imbrication of the foreland region. Arguments presented below
concerning deformation along the western margin of the Connecticut Valley trough
support the idea that the regionally prominant cleavage to which he refers is
probably Acadian.
Colpron and others (Trip C-5), working to the north in Canada, recognize three
phases of deformation in rocks of the Oak Hill Group, all thought to be of Taconic
age. They interpret the domina.nt structural features in that area to have resulted
from the second phase, but the third phase was responsible for the formation of
the Green-Sutton Mountain anticlinorium.
Working east of the area discussed above, Bothner1Uld Laird (Trip C-2) report
that high-pressure facies series metamorphism (Laird and Albee, 1981) is recorded
in mafic schists of the Belvidere Mountain Amphibolite member of the Hazens
Notch Formation at Tillotson Peak. Their mapping and detailed petrographic
analysis of these rocks have led them to postulate that peak metamorphism and
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earliest folding were subduction related. This was followed by a second
metamorphism and deformation before rapid ascent on westward directed thrusts
brought the rocks close enough to the surface to cool quickly and preserve the
products of the early metamorphism. Also discussed by Bothner and Laird is the
complex history of refolding in the area and the preservation of large E-W fold
structures, a condition quite rare in Vermont.
Anderson (Trip B-1) recognizes four generations of veins containing primary
metamorphic assemblages in rocks of the Green Mountains north of Interstate 89,
each having developed as grade was decreasing from peak condition of the event
with which it was associated. This contrasts with the timing of host rock min·eral
growth during the period while conditions were rising toward peak. The relation
between these various generations of veins and the multiple metamorphisms
reported by Laird (p. 339 and following) remains to be worked out.
Deposition in the Connecticut Valley Trough CCVT):
Questions abound regarding the source, age, and time of deformation of rocks
in the Connecticut Valley trough (CVT). The view popularized by Doll and others
(1961) of a synclinal basin floored by an erosional unconformity is in revision.
Westerman (Trip A-6) reviews the evidence for and implications of the faulted
nature of the western boundary of the trough. He concludes that the western
margin of the CVT is not an erosional unconformity or a faulted erosional
unconformity except very locally where isolated lenses of the Shaw Mountain
Formation are present. In most places the fine-grained rocks of the Northfield
Formation are the western unit of the CVT and Westerman argues that they were
faulted into place rather than having been deposited against the units with which
they are now in contact.
A possible revision of the previously published stratigraphy for the units
within the belt is proposed by Hatch (Trip B-3). He calls for a reversal of part of
the sequence based both on observations of graded beds and on a sedimentary
model involving proximal and distal fades of units deposited from an eastern
source. He retains the stratigraphic sequence of the Waits River Formation_ under
the Gile Mountain Formation, but he interprets the Northfield Formation as the
western, distal fades of the Gile Mountain Formation.
Concerning the age of rocks in the CVT, Westerman (Trip A-6) discusses the
reasons for separating the rocks of the Shaw Mountain Formation from the rest in
the trough, based on sedimentological arguments. The Shaw Mountain rocks are
known to be Silurian or Early Devonian as shown by fossil evidence (Doll, 1984).
The time of deposition of the bulk of the rocks of the ·cvT (exclusive of the isolated
lenses of the Shaw Mountain Formation along the ·western margin ) is uncertain,
but reports of graptolites from rocks in the trough (Bothner and Berry, 1985;
Bothner and Finney, 1986) indicate that at least part of the trough is of Ordovician
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age. Since some of the graptolites come from the Northfield Formation which Hatch
suggests may be the youngest unit in the section, the entire CVT may be preSilurian and the Shaw Mountain Fom1ation may represent slivers of near-shore
Silurian sediments caught between two accreting Ordovician terranes.
Defonnation and Metamorphism in the CVT:
Based on their study of rocks in the CVT in southeast Vermont, Boxwell and
Laird (Trip A-1) report evidence for two pulses of prograde metamorphism
separated by a deformational event, all followed by retrograde metamorphism
which locally reached biotite grade. This occurred in rocks thought to have
experienced tectonism only in the Devonian. An important result of their study is
the recognition that equilibrium assemblages indicate that conditions during the
dominant metamorphism gradually increased from east to west across the study
area. This is in contradiction to the pattern of isograds shown on the Centennial
Geologic Map of Vermont (Doll and others, 1961).
Anderson's work (Trip B-1) on metamorphic vein development involved rocks
from both the GMA and the CVT in north-central Vermont. He reports two
prominant generations of metamorphic vein growth in rocks of the CVT with much
of the mineral development having occurred as grade was decreasing from the
peak conditions of the metamorphic event with which it was associated. His
picture of multiple metamorphisms is compatible with earlier work and with the
work of Boxwell and Laird discussed above. It is also quite compatible with the
multiple episodes of isoclinal folding reported for rocks of the Northfield Formation
by Westerman (Trip A-6).
No overall structural model has been proposed to explain th~ complexity of
deformation preserved in the rocks of the CVT. After recognizing the faulted
nature of the margins of the basin, and thereby removing the constraint that the
marginal rocks need be basal units of a stratigraphic sequence, Hatch (Trip B-3) has
developed a structural model of an anticlinal arch that fits his sedimentary model.
Regarding the Question of Taconic vs. Acadian Ages for Structures:
Many geologists have noticed that as they drive eastward across Vermont from
Burlington to Montpelier, they cannot with confidence identify the ages of the
structures which they observe in the roadcuts. Strongly cleaved rocks occur a few
miles east of Burlington, with the cleavage dipping at moderate angles to the east.
As one travels eastward, the prominant cleavage steepens, passes through vertical,
and in the vicinity of Montpelier it dips steeply to the west. At that location, when
passing over a boundary known as the Taconian unconformity of Cady (1960), the
Taconian Line of Hatch (1982), and the Richardson Memorial contact ( RMC informal), the transition is made from the Cambrian-Ordovician terranes of the
Green Mountains to the rocks of the Connecticut Valley trough. As can be seen at
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the 1-89 outcrop exposing this boundary (Trip A-6, Stop 1), it is a fault zone, and
the dominant structures in the rocks on both sides are the same.
Along the length of this fault zone it is common to find exposures of the Shaw
Mountain Formation whose Silurian age has been firmly established from fossils
(see Westerman, Trip A-6). These Silurian rocks frequently exhibit a
well-developed cleavage which is parallel to that on both sides of the RMC, so it
seems safe to conclude that the dominant, pervasive cleavage seen in rocks
adjacent to the RMC must be Silurian or younger (i.e. Acadian). The outcome of
current discussions referred to above regarding the age of rocks within the
Connecticut Valley trough does not affect this conclusion.
For the highly deformed and strongly metamorphosed rocks of the Green
Mountains, a strong case has been made (Stanley and Ratcliffe, 1985) that
westward-directed Taconian thrusts produced the map pattern seen today, and the
timing of this major deformation is supported by the work of Sutter and others
(1985). Where the cleavage is synmetamorphic and metamorphism occurred
during the Ordovician, the cleavage is clearly a Taconic structure.
Assuming from the arguments above that the prominant cleavage seen in rocks
on the western flank of the Green Mountains is Ordovician in age and the
prominant cleavage seen in the Montpelier area is Devonian in age, and given that
it is not readily apparent that these cleavages aren't the same one, then is it
reasonable to consider that the development of the prominant cleavage is
diachronous and perhaps best described as Tacadian?
Mesozoic Intrusions and Rift Features:
Application of the concepts of plate tectonics is not restricted ~o the Paleozoic
history of Vermont. McHone has been studying Mesozoic dikes and related
structures throughout New England, and here (Trip B-5) he discusses his reasons
for proposing that the Champlain Valley is a structural basin formed by Cretaceous
rifting. This is a model which he sees as inviting comparison to other younger and
better-studied rift basins. Radiometric dating of the intrusions shows them to be of
undoubted Cretaceous age and their geochemical character supports an intra-plate
origin. The high-angle faults of the area also have orientations which mate~ well
with such a model, but constraints on the timing of the faults remain limited.
Glacial history:
Studies of past glacial activity in Vermont continue primarily through the
efforts of a small group of energetic workers. Three papers in this guidebook, two
by Larsen (Trips A-3 and B-4) and one by Ackerly and Larsen (Trip C-1), cover
many of the ideas that have come forward in the past 15 years. Although no
overwhelming new theory of glaciation has been applied which might be analogous
to the application of plate tectonics to ancient mountain building, re-examination of
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old ideas, applications of ideas from different fields, and a steady search for new
information has produced results.
Larsen (Trip A-3) reports on the deglaciation of Vermont and the relative ages
of glacial Lake Hitc hcock, glacial lake Winooski, and the Champlain Sea. After
defining the precise location of the boundaries of Lake Hitchcock, Koteff and Larsen
( 1985) were able to use elevations of shoreline indicators to calculate the current
slope of the ancient lake surface. It is planar and rises 4.74 feet/mile in a direction
of N21.5W. The planar character is interpreted to suggest that no rebound had
occurred prior to the draining of Lake Hitchcock. Larsen uses evidence of high
energy gravel deposits in the valley formerly occupied by Lake Hitchcock to
conclude that it drained while Lake Winooski still existed. Since Lake Winooski
drained before ice retreated to the St. Lawrence Valley and allowed marine water
to flood the Champlain Valley, he further concludes that Lake Hitchcock must have
drained long before any marine sediments were deposited in the Champlain Sea
about 12,500 BP. Larsen (Trip B-4) uses the glacial and postglacial sediments in
the Dog River Valley to test the model of deglaciation described above. Also on this
trip he evaluates his conclusions regarding postglacial rebound as determined from
the current elevations of features indicative of former lake levels.
Ackerly and Larsen (Trip C-1) report here on evidence indicating glacial ice
fl ow directions in the Green Mountains. Examination of an old set of data indicating
southwest-directed ice flow in the area of Middlebury Gap confirms that the data
are real and more widespread than previously reported. Alternative explanations
include I) a local ice cap in the Green Mountains with ice flowing southwestward
into the Champlain Valley, or 2) reversal of ice flow direction as a result of
drawdown of ice thickness in the Champlain Valley. Given an absenc~ of evidence
for a local ice cap in the region and anticipation of the ice flow reversal by the
theoretical ice surface reconstructions of Hughes and others (1985), Ackerly and
Larsen opt for the latter explanation.
Hydrology:
Although there are numerous studies going on in Vermont and other New
England states involving efforts to understand hydrologic systems, only one
hydrology-related field trip (Caldwell and others; Trip A-2) is available this year
(and it's on the "wrong" side of the river). It is unfortunate that the results of most
hydrologic studies do not become available for field review by the public since
they are conducted for clients in the business sector rather than as pure research.
A catastrophic flood in the Cold River of southwestern New Hampshire
produced erosional and depositional features, and had a pronounced effect on the
local groundwater system in a small kettle. Recharge far exceeded the total rainfall
as a result of runoff into the kettle from the nearby steep hillside. The results of
this study indicate that estimates of recharge of an aquifer can be significantly
underestimated if secondary recharge is not considered.
xii
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CHRONOLOGICAL LISTING OF MEETINGS OF THE
NEW ENGLAND INTERCOLLEGIATE GEOLOGICAL CONFERENCE

Meeting

Year

Location

Organizer

1st
2nd
3rd
4th
5th
6th
7th
8th
9th
10th
11th
12th
13th
14th
15th
16th
17th
18th
19th
20th
21st
22nd
23rd
24th
25th
26th
27th

1901
1902
1903
1904
1905
1906
1907
1908
1909
1910
1911
1912
1915
1916
1917
1920
1921
1922
1923
1924
1925
1926
1927
1928
1929
1930
1931

Westfield River Terrace, Mass.
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METAMORPHIC AND DEFORMA TIONAL HISTORY OF Tl-£
STANDING POND AND PUTNEY VOLCANI CS IN Sa.JTHEASTERN VE RMONT
Mimi Boxwell*, Jo La i rd
Department of Earth Sciences, University of New Hampshire
Durham, New Hampshire

I NTRODUCTI ON
Recent investigations of rocks in eastern Vermont , no t ably those by Chamberlain et
al. (1985), Karabinos (1984), Bothner and Finney (1986) , Hepburn et al. (1984) and Laird
and Albee (1981), have inspired questions concerning the i nt erpretation of the metamorphic
and structural histories recorded by the rocks. The Standing Pond and Putney Volcanic s
occupy a position near a major boundary separating t wo metamorphic terranes, the
Connecticut Valley-Gaspe synclinorium (CVGS) and t he Brons on Hill anticlinorium (BHA;
Chamberlain et al., 1985). Because of t heir strati graphic position and mafic component,
the Standing Pond and Putney Volcanics contain critical ev idence relavent to both the
structural and metamorphic histories of the area. The purpose of this field trip is to
examine the metamorphism and deformation of the Standing Pond and Putney Volcanics in
southeastern Vermont.
STRATI GRAPH IC FRAMEWORK
The Standing Pond and Putney Volcani cs are included in a northeast trending, steeply
dipping homocline (the "Vermont Sequence"; Currier and Jahns, (1941) within the CVGS
(Figure 1) in southeastern Vermont. Other papers in this volume address the nature of the
western margin of the CVGS (David S. Westerm an, Trip A-6) and the stratigraphic order of
units within the CVGS (Norman L. Hatch , Jr., Trip B-3). Fisher and Karabinos (1980),
Hepburn et al. (19~4), Hatch (1986) and Bothner and Finney (1986) present arguments
regarding stratigraphic succession withi n the CVGS. A consensus appears to be emerging
that the stratigraphic order of rocks of the Vermont Sequence are (seen on 'this trip from
oldest to youngest): Wai ts Ri ver Fm., Standing Pond Volcanics, Gile Mountain Fm. and
Putney Volcanics. Facing direc t ions seen at Stop 6 this trip (Figure 2) support the
hypothesis that the Gil e Mountain Fm., overlies the Waits River Fm.
The Waits River For mat i on consists of micaceous schist and calcareous quartzite
containin g lenses and pods of impure marble. A gradation from micaceous schist to impure
quartzit e occurs in some areas, but generally, layering is distinct. The schists weather
rusty brown to medium to dar k gray depending upon the amount of carbonate present; alignment of mi ca gr ai ns define a well developed schistosity in the rocks. The massive impure
quartzit es weat her punky brown, and where the peak of metamorphism attained garnet grade
the rock is pocked by garnet knobs.
The Standing Pond Volcanics form a time stratigraphic unit between rnetasediments of
the Wait s River and Gile Mountain Fms. (Hepburn et al., 1984) and vary considerably across
st r ike. Mafic to felsic varieties of rock are all included within the Standing Pond
Volcanics , but in most areas greenstone or amphibolite predominate. A large pelitic
component is present in some rocks and results in a very distinctive fasiculitic layer,
examples of which may be seen at Stops 3 and 6. Contacts of the Standing Pond Volcanics
with the Waits River and Gile Mountain Fms. are commonly gradational and at low grade
(S top 2) not readily apparent.

* Present address: Roy F. Weston, Inc., 2 Chenell Drive, Concord, New Hampshire, 03301
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The Gile Mountain Formation in contact with t he St and ing Pond Vol cani cs consi sts of
interlayered pelitic schist and quartzite in about equal propor tions . Both layer s wea ther
medium to dark-gray but are only rarely rusty in contrast to schi s t s a nd quartzites of the
Waits River Fm. Compared with the Waits River Fm., t he Gile M o unt a ~n Fm. contai ns a
smaller carbonate component and a more monotonous repetition of schist and quar t zite.
Within the garnet zone, garnet porphyroblasts are abundant i n th e schistose l ayers .
The Putney Volcanics are fine- grai ned, massive greens t ones found within the chlorite
and biotite zones. At their eastern boundary, the Put ney Volcanics are i n sharp con t act
with rocks of the Littleton Fm. The western contact is not near ly as s harp because mafi c
rocks of the Putney Volcanics grade into chlorite and bi oti t e grade pelitic rock s.
Hepburn (1982) distinguishes the Putney Volcanics fro m t he Standing Pond Volcanics on the
basis of bulk rock chemistry, and consistent with Hepburn et al., (1984), they are here
considered as a formation separate from the Standi ng Pond Vol cani cs.
Along the eastern margin of the field area, t he Putney Vol canics are separated from
the Littleton Fm., included within the Bronson Hill ant i clinori um, by a zone of sheared
rock (Stop 1). The Littleton Formation consists of dark-gra y, massive , micaceous schist
and phyllite that contains only a small carbonat e componen t and much less quartz than
schists of the Waits River and Gile Mountain Fms. Rocks of the Littleton Fm. generally
weather dark-gray or rusty where the sulfide content is high, and are extremely fi ssile.
These rocks are included within the "New Hampshi r e Sequenc e" (Currier and Jahns , 1941)
which, in southeastern Vermont, is separated from the Verm ont Sequence by the Chicken Yard
Line (Hepburn et al., 1984).
AGE DATA
The st ratigraphic age of the Waits River Fm. as shown on the Centennial Map of
Vermont (Doll et al., 1961) is Devonian. However, recent graptolite rediscoveries near
Montpelier, Vermont (Bothner and Finney, 1986) support Richardson's (1916) assignment of
th is unit to the Ordovician (Middle to Upper) period. Bothner and Berry (1985) report the
presence of Upper Ordovician graptolites i n r ocks equivalent to the Gile Mountain Fm. in
Quebec, further supporting an older age for the rocks.
Isotopic data constraining the age of the Vermont sequence include a 423 Ma U-Pb age
on zircon from a felsic rock mapped withi n t he Standing Pond Volcanics at St.op 2
(Aleinikoff, 1986, pers. comm .) which i mplies that the Standing Pond Volcanics are early
Silurian or older. Crystallization ages of cross-cutting plutons of the New Hampshire
Plutonic Series (Figure 1) provide a minimum age. Naylor (1971) obtained a 375 Ma Rb/Sr
age on coarse muscovite and whol e rock s amples from the Black Mountain granite twenty
miles south of the field area (Figure 1, location 1). (Data from Naylor (1971 and 1975)
and Harper (1968) r epor ted herein are recalculated using standards reported by Steiger and
II
Ja;:ier, 1977 . )
Int r usion of the Ne w Hampshire Plutonic Series postdates regional metamorphism and
formati on of recumbent folds in the CVGS (Naylor, 1975) thereby constraining these "events"
to pre- Middle Devonian time i f it may be assumed that the deposition of the rocks postdated the Taconic Orogen y. Metamorphic ages, including a K/Ar whole rock age of 369±_ 8 Ma
near the western contact of the Waits River Fm. with the Shaw Mountain Fm. (Harper 1968;
Figure 1, herein location 2) and a 40 Ar1 39Ar plateau age of 358.5_:: 4.3 Ma from hornblende
of t he Standing Pond Volcanics near Brattleboro, Vermont (Sutter et al., 1985; Figure 1,
locat ion 3) indicate that the rocks were metamorphosed during a late Devonian event.
STRUCTURE
At least three fold generations are recognized in rocks examined on this trip.
Bedding, SO, is rarely visible, but where present is parallel to an Sl schistosity. Sl,
i nferred to have formed during an Fl fold event, is only rarely preserved, and is crosscut
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by the main schistosity. Axes of Fl folds trend northerly or southerly with a moderate to
shallow plunge, and Fl axial planar surfaces dip steeply to the east.
The dominant folding event, F2, is coaxial with Fl. Where present, the follation
axial planar to F2 folds varies from a widely spaced axial plane cleavage to a well
developed schistosity, S2. S2 is usually undeformed or only broadly warped or kinked by
F3 folds. F2 folds are identified in the field by undeformed to gently deformed Sl
surfaces. An "average" S2 dips steeply to the west. The plunge of F2 folds is generally
moderate to shallow although some southwest trending folds plunge steeply. The variability in trend and plunge of F2 folds may result from porpoising of shallow plunging F2
axes.
F3 is defined by folds of SO, Sl, and S2. The majority of F3 folds likewise trend
northeast and southwest but plunge moderately to steeply in several directions. F3. folds
appear as rounded folds in competent layers and kink bands in schistose layers. ·A poorly
developed fracture cleavage, defined as S3, is axial planar to F3 folds formed in
schistose layer~
Fl folds identified during this study are equated with major recumbent folds described by Hepburn et al. (1984) and Hepburn (1975~ These folds may also be equilavent
to the nappe-stage folds identified by Thompson and Rosenfeld (1979) which occur directly
east of the study area. F2 folds described above are similar in style and orientation to
folds formed during back folding associated with dome stage deformation (Rosenfeld, 1968).
N

E

w

s
• F3Axlal Plane Cleavage

Figure 3. Stereographic projection of poles to F3 kink band axial plane foliation. Arc
labelled "Plane of intersection ... " is the intersection ·of contoured F3 axial plane
points. Note the orthogonal relationship of this plane to the trace of the Chicken Yard
Line measured at Stop l (referred to as Sta. MB3 above).
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F3 folds cannot be confidently correl ated to fo lds described by pre vious workers. As
Hepburn et al. (1984) s tate, post-F2 deformation was brittle and af fected t he sa me Ssurface resulting in a variety of fold styles and orientations wh ich are not easi l y
correla ted between outcrops.
In addition , F3 folds observed i n t hi? s tudy may resul t
from more than one period of folding. Both of these factors may cont ri bute to the
apparent rando m orientation of F3 fold axes observed on t his tri p.
Separate plots of F3 kink bands, however, s uggest an associa t ion bet ween the kink
bands and faulting coincidence with the Chicken Yard Line. Figur e 3 sugges t s that the
kink bands may be conjugate to the trace of some of t he faults whi ch occu r along this
horizon and therefore , may be genetically related. The s i gnifica nce of the hori zon mapped
as the Chicken Yard Line is a current source of debate. South of the ar ea of th is trip
the horizon mapped as the Chicken Yard Line is i nterpreted as an unconformity (Hepburn et
al ., 1984). However, extensive shearing of rocks al ong t hi s horizon exemplified at Stop l
is consistent with the interpretation that one or mor e faults occur along this contact.
Further work is necessary to determine the ex t en t , rela tive mo tion and a mount of offset
along these surfaces.
ME TAMORPHISM
Three metamorphic events are documente d by evidence obta ined f rom rocks of the
Standing Pond and Putney Volcanics. The first t wo "events" appear to represent a
continuum in metamorphic conditions, separated by a deformat ional event. The third event
is a retrograde event, the effects of which vary locall y.
M2, the second metamorphic event, resul t ed in the equi librium as semblages present in
the rocks. This event was a medium- pressure faci es seri es e ven t which re sulted in the
gradual increase in metamorphic grade observed from east t o west across the s tudy area.
Easternmost rocks, Stops l and 2, preser ve ev i dence of greenschist fa cies metamorphism,
while rocks to the west preserve epidote-amphiboli t e facie s metamorphism (Figure 2).
Pelitic rocks intercalated with the mafi c rocks s how evidence of chlorite through garnet
grade metamorphism from east to west.
Between Stops l and 2, and belo w the garnet isograd of Do l l et al. (1961) amphibole
changes composition from actinolite to hornblende. Farther west, and within the garnet
zone, plagioclase changes composition f rom albit e t o oligoclase (Figure 2). ·These compositional changes are consisten t wit h changes in rocks metamorphosed in medium-pressure
facies series conditions as s ta t ed by Miyashiro (1973, p. 250).
As the effects of M2 incr ease fro m east to west across the area covered by this trip,
the mafic rocks become not i cea bl y more coarse-grained and generally darker in color.
Mo dal changes in the equilibrium assembl age include notable increases in the abundances of
amphibole and hematite/ i lmeni te solid solution laths, and decreases in abundances of
chlorite and titanite (Tabl e 1). Bio tite, epidote, plagioclase, quartz and carbonate also
change in modal abundance; however, changes in modal amounts of these minerals may be a
function of bulk com position and/or influences of different metamorphic reactions which
occur red in the rocks.
Chemical trends concomitant with increasing metamorphic grade were determined by
electron mi croprobe analysis. In the vicinity of Stop 2 and below the garnet isograd of
associ at ed pel itic rocks , amphibole changes composition from actinolite to hornblende
(Figures 2, 4 and 5). Specifically, Alvr, Fe3+, A-site occupancy (Na(A) and K contents),
Ti and Na (M4 ) increase while Fe 2+, Mn and Mg contents decrease (Boxwell, 1986, Figures
25-3 1) . Farther west and within the garnet zone, plagioclase changes composition from
al bi te (iAn04) to oligoclase (An 14 - An25 ). Three samples from the area contained both
al bite (s_An05) and oligoclase (An 14 - A~ 5 ), allowing tight constraint of the oligoclase
i sograd (Figure 2).
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TABLE l
RANGE Cf" MODAL PERCENTAGES FROM SAMPLES Cf" STANDING PONO
AND PUTNEY VOLCANICS DETERMINED FROM THI N SECTI ONS
STOP:

l

QUARTZ
FELDSPAR
CARBONATE
CHLORITE
WHITE MICA
BIOTITE
EPIOOTE
AMPHIBOLE
GARNET
OPAQUES
TITANITE
ZIRCON
TOURMALINE
APATITE
OTHERS

2

10-15
20-26
2-5
13- 30
1- 2

8-24 5-30
2- 36 5-44
5-25 12-32
10-30 0-19
0- 15 0-40
0-18 0-15
7-1 5 0- 20 0-5
2-10 0-:15 0- 5
0- 2
1-15 <l -1 2 1-7
8-12 0-15 0-5
0-1
0- 1
0-1
0-1
0-1
ST
P,R
R

Number

4

8

An Content

<4

<3

Note:

2(int)

2A

3

4

5

5(Al )

6

10-13 5-1 6
13- 23 15- }4
7-20 3- 12
5- 28 1- 8
0- 5
0- 12
10-15 2- 7
<l -7
1-8
0- 24 25-45
0-5
0- 10
3-6
2- 7
0-10
2-3
0-2
0- <l
0-<l
0-<l
0-<l 0- 2
0-2
F
R

10-22 10-15 10-25 4-1 5
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"Number" refers to the number of thin sections from which t he r ange wa s
derived. The symbol "-" is used i f the mineral was not identified. Abbreviations used are ST- stilpnomelane, P- pennantite, R- rutile, F- fluorite.
The opaque minerals identified were: iron oxide- ubiquitous, sulfide miner
als in all samples except rocks from Stop 5, magnetite - Stops l and 5,
pyrite- Stop 1, chalcopyri t e- Stops 1, 3, 6 and hematite/ilmenite lathsall Stops except Stop l. The letters "Al" refer to aluminous-rich
rocks present at Stops 5 and 6. The term "int" refers to tocks at Stop 2
which are gradational between the volcanics and adjacent metasedimentary
rocks. The range in An content was determined by electron microprobe
analysis.

Other changes in mineral composition with increasing metamorphic grade are summarized
. b.io t"t
.
Fe3 +
as follows: the average Ti and Al (mostly Al VI) con t en t s in
i e increase.
content in epidote decreases and AlVI component increases. Although the composition of
chlorite is variable across the field area, the composition of chlorite in equilibrium
assemblages is more restricted and changes regularly with-increasing metamorphic grade.
In general, Mg, AlIV, Fe3+ and AlVI contents increase, ~hereas Fe2+ and Mn contents
decrease.
As shown in Figure 4, data from this study plot within the medium- and low-pressure
facies fields delimited using data of other mafic schists in Vermont (Laird et al., 1984;
the fields and bars are amended as shown in Figure 4 to incorporate data from this study).
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The fact that amphibole changes composition from actinoli t e to hornbl ende at low er grade
than the change in plagioclase from albite to oligoclase occur s indicate s t hat M2 wa s a
medium - pressure faci es se ries event similar t o metamorphis m prese rved in rock s west of the
CVGS in southeastern Vermont (Laird, 1980; Laird and Albee , 1981). North of the field
area in rocks of the CVGS, l ow pressure facies seri es metamorphis m is preserved.

No (M4) vs . Al(VI} + Fe.3+ + 2*Ti

+ Cr
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Figure 4. Plot of Al(VI) + Fe3+ + 2*Ti + Cr vs. Na(M4) formul a proportion unit s in amphi bole showing that analyses from the study area plot within the medium-pressure faci es
field delimited by Laird et al. (1984). Analyses plotting to the right of the oligoclase
i sograd are amphibole which coexist with albite; those plotting to the left of the oligocl ase isograd represent amphibole which coexist with albite and/or oligoclase. (Dashed
l i nes represent suggested revisional boundaries for t he low-pressure facies field and
garnet isograd bar based on dat a f r om this study. )

Figure 5 summ ari zes the compositi onal changes in the major phases described above.
The increase in the Y- componen t (AF 2o3 - 3/4CaQ - Na2o) is dominated by an increase in the
Tschermak subs titution (Al 2Mg - 1Si- 1). As can be seen in Figure 5, the MgO/FMO ratio in
chlorite and amphibole spans a r ange of bulk composition yet the tie line orientations are
consis tent within sampl es of the same metamorphic grade. This observation, coupled with
th e fact that th e change i n co mposi t ions linked by the tie lines is similar to that first
observed by Wise man (1 934) and later by Laird (1980, 1982) regardless of bulk composition,
support s th e i dea t ha t t he rel ati ve increase in Fe2+/Mg ratio in amphibole and the
decrease in the same r at io in chlori t e is a function of metamorphic grade and not bulk
composi tion.
A sa mple from Stop 2 (Figure 5b) appears to be intermediate in composition between
gr eenschist faci es and epidot e-a mphibolite facies zone samples. The gradual change in
amphibol e compositi on contradicts information supporting a miscibility gap in amphibole
compositi ons between actinolite and hornblende suggested by many workers (e.g. Miyashiro,
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Fi gure S. Projection of amphibole and chlori t e from epidote and albite (or epidote and
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points from the same sample, and are shown for illustrative purposes. Note the change i n
orientation of the tie lines from greenschist (Sa and sample VJL269J. - Sb) to epidoteamphibolite facies (sample NVTlOC - Sb, 5c and Sd ).
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1958; Shi do a nd Miyashsiro, 1959; Brady, 1974; Cooper a nd Loveri ng , 1970; Doolan et al.,
1973). As can be s een by data from sample NVT!O C th e miscibi lity gap is "bridged" by this
composit i on. Textura l evidenc e, such as exsolution l amellae, which might suppo r t the
theory t ha t actinolite and hornblende are · immiscibl e (Grapes and G ra ~am, 1978) is likewise
lacki ng in the se samples.
The pressu r e temper ature r egime inherent duri ng the formation of the equilibrium
assemblage may be discerned by comparing analytical data from rocks of the s tudy area with
information i n t he lit erature. Because none of the sa mples analyzed contained andesine,
it may be assumed tha t conditions during M2 were not as intense as the upper l imit of the
"transition zone" described by Liou et al. (1974). The maximum temperature and minimum
pressure o f formation of the M2 epidote-a mphibolite facies zone sa mpl es are therefore
approxi ma ted at 560°c and 3.4 kbar.
The es timated conditions of metamorphism are consis tent with estimates obtained using
the plagioclase-hornblende geothermobaro me ter of Plyusnina (1982). The geothermobarometer
yiel ded a temperature range from 405°c to 540°c and pressure from <2 to >8 kbar. The
pressur e o f metamorphism inferred from the am ount of aluminum present in amphibole in
equi libr i um with plagioclase of the respective composition ranges from <2 to >8 kbars.
The ma xi mum temperature is estimated for sam ples containing no titani te and is consistent
wi th the 500° to 540°c temperature range of the upper s tability limit of ti tanite
sugges ted by Moody et al. (1983).
Mineral growth in samples west of the Chester and Athens domes from the Moretown
me mber o f the Missisquoi Fm. and the Pinney Hollow Fm. (Laird and Albee, 1981) yield a
t empe r ature estimate of 500° .:':. 25° c for the garnet-albite zone and 550° _.:t:.50° c for the
ga rne t -oligoclase zone. These data are cor re la tive with M2 mineral assemblages from the
study area and empirically consistent with temperature and pressure estimates referred to
above. Data from the study area are likewise consistent with solid piezothermometry
s tudies of kyanite grade rocks from Gassetts, Vermont to the northwest which yielded
5.6 kbar and 545° ~ 20° c (Adams et al., 1975).
Evidence for the first metamorphic event, Ml, is preserved within garnet and amphibole grains. Coarse-grained examples of these phases co ntain cores which formed prior to
an F2 fold event. Textural evidence (e.g. abundance of inclusions in cores) and differing
optical orientation of the cores suggest that the cores formed discretely from the rims.
Conditions inherent during Ml are not entirely discernible from the assemblages
present. Equilibrium assemblages relict from Ml are incomplete, and therefore attempts to
discern the cond1 tions of metamorphism are hampered. However, based upon the fact that
the composition of amphibole cores is the same as the composition of amphibole rims, one
might suggest that the conditions of metamorphism were the same during Ml and M2.
A late retrograde metamorphism, M3, locally affected rocks within the study area.
This event reached a maximum of biotite grade in western samples but affected rocks on a
bed - to-bed basis and in some cases only affected microlayers within a specific rock. M3
occurred under less intense metamorphic conditions than M2, as evidenced by the lower
grade assemblages resultant from M3. Specific conditions of M3 metamorphism may not be
discerned, however, because of the lack of complete equilibrium assemblages.
An important conclusion to be drawn from this study is that the equilibrium assembl ages indicate that the conditions inherent during the dominant metamorphism, M2,
gradually increased across the study area. This hypothesis does not support the pattern
of isograds presented on the Centennial Geologic Map of Vermont (Doll et al., 1961). The
isogradic pattern on the state map suggests that metamorphic grade decreases from east to
west across the study area, before gradually increasing to the west.
RELATIONSHIP OF METAMORPHISM TO DEFORMATION
The relationship between the timing of metamorphism and deformation within rocks of
the field area is summarized in Table 2. Formation of an Sl schistosity is assumed to
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have accompanied an Fl deformation. This early foliation is preserved by oriented i nclusions within mineral grains of the equilibrium assemblage (e.g. amphibole and garnet)
suggesting that the Fl fold event preceded the main metamorphism (M2).

Table 2
Deformation

Metamorphism
M3
post-dates all deformation; sheet
silicates aligned parallel to
relict cleavage planes in
pseudomorphs

F3
Kink folding in schistose rocks,
open folds in more competent
layers; folds F2 folds
F2
Formation of dominant schistosity,
folds Fl; M2 minerals aligned
parallel to F2 fold axes

Fl
Formation of early isoclines
preserved in less competent rocks
may predate Ml or be
contemporaneous with it.
Table 2.

M2
Formation of equilibrium
assemblag~
Varies from
greenschist in the east to epidoteamphibolite facies in the west
(chlorite to garnet grade)
??

Ml
Formation of amphibole and garnet
cores which contain a foliation
which predates F2

Summary of the relationship of metamporphism to deformation.

The main metamorphic event, M2, was contemporaneous with an F2 fold event. The long
axes of amphibole grains are parallel to F2 fold axes measured in the field (Stop 6).
Rotated garnets (Stops 3 and 6) contain concentric inclusion trails indicating that the
grains formed during deformation as suggested by Rosenfeld (1968 and 1972). Radial splays
of amphibole fol.lld in garbenschiefer may have formed in an area of reduced pressure during
this deformation. The fact that some of the amphibole splays are curved as well suggests
that the grains formed contemporaneously with folding. Also, the main foliation-is
deformed around porphyroblastic grains of the equilibrium assemblage while other grains of
the equilibrium assemblage overgrow the main foliation suggesting that the main metamorphism and deformation were simultaneous.
F3 folds deform the main schistosi ty which formed during F2; therefore, F3 must postdate F2 and M2. The late regrograde metamorphism, M3, appears to post-date all deformation. The position of sheet silicate grains parallel to relict mineral cleavage planes
in pseudomorphs (e.g. chlorite and biotite after amphibole) attests to the interpretation
that the M3 retrograde metamorphism occurred after deformation ceased. Sheet silicates
which overgrow foliation are interpreted as products qf M3 metamorphism.
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Mileage
0.0
STOP l
The first stop consists of three roadcuts which are loca ted on t he north
side of Route 11 , and extend almost con ti nuousl y from the driveway in t o Ho war d
0.30
Johnson's restaurant westward for approximately .3 miles to Paddock Road. On t he
east end of the first roadcut are chlorite grade rocks of t he Lit t l eton Fm. The
fine-grained , gray-green weathering, epidote-carbonate schists display primary
layering and a west over east fold sense. F3 generation kink bands are superposed on F2 folds of primary layering and Sl. The orienta t ion of primary la yer ing in the Littleton Fm. here is northeast trending, westward dipping.
~~-

Approximately 200 feet west of the eastern end of thi s outcrop i s the ·
hori zon referred to as the Chicken Yard Line (CYL) which marks the boundary
between the Vermont and New Hampshire Sequences in southeastern Vermont. I n t his
roadcut, the CYL occupies a zone less than 6 feet wide and is a light colored,
tan to gray, fine-grained, sugary textured rock in which dis tinct lithons less
than four inches in length may be seen. The trace of the CYL here trends northeast and dips nearly vertical and is clearly at a high angle to layering observed
in rocks of the Littleton Fm. The nature of the CYL at this local i ty appears to
be a shear zone, and is expected to inspire some debate on this trip.
The Putney Volcanics make up the western end of the first roadcut as wel l as
the entirety of the two western roadcuts of this stop. Here the Putney Volcanics
are fine-grained, massive, dull green-gray weathering greenstones. Color and
texture vary due to subtle changes in mineralogy and mode (e.g. amount of epidote, presence of carbonate and amount and species of sheet silicates). Sulfide
porphyroblasts and epidote knots are abundant in some layers. The amphibole is
actinolite and very fine-grained. Layering in the Putney Volcanics is
indistinct, similar to Stop 2 and different from Stops 2A to 6, where wel l
defined layering is visible.

0 .75
1.0

Continue west on Route 11 towards Springfield.
Th~ eastern roadcut of Stop 2 begins on the south side of Route 11.
Turn right (north) off Route 11 onto road leading over the Black River.
here on the side of road and cross Route 11 to examine rocks of Stop 2.

Park

STOP 2
Two roadcuts extending 0.25 miles along the southern side of Route 11
comprise Stop 2. Here metasediments of the Waits River and Gile Mountain Fms.
are intercalated with the Standing Pond Volcanics. According to Doll et al.
(1961) the Waits River Fm. occupies the western end of the eastern roadcut and
the Gile Mountain Fm. occupies the western end of the western outcrop. Contacts
of both of these formations with the Standing Pond Volcanics, which comprise the
remainder of both outcrops, are gradational and therefore not easily pinpointed.
The metasedimentary units at this locality are biotite grade. The Standing Pond
Volcanics here are similar to the Putney Volcanics seen at Stop l with respect to
lack of distinctive layering and massive appearance. The Standing Pond Volcanics
are weathered light to medium gray-green or brownish and commonly contain rusty
pits where carbonate and sulfide grains have weathered out. The fresh surface
varies in color due to differences in composition; lighter layers are comparatively felsic, green layers, chlorite- and biotite-rich and punky brown layers
are carbonate-rich. Unlike the Putney Volcanics seen at the previous stop these
rocks have a smaller mafic component and lack epidote string~rs. Amphibole from
the eastern roadcut is hornblende which allows classification of the rocks as
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epidote-amphibolite facies (e.g. after Miyashiro, 1972). The fold style of F2
here is similar to that seen at Stop l; however, F2 trends southwest instead of
northeast. Because the plunge of F2 is shal l ow (~0°) the ~hange in trend may
resu lt from porpoising of F2. F3 folds here appear as large warps of layering
with little or no widely spaced crenulation cleavage axial planar to the fold
surface. The rock which Aleinikoff (1986, pers. comm.) dated is approxi mately
100 feet from the western end of the western outcrop.
1. 3
2. 7
3.6
3 .8
4 .0

Turn left (north) up steep hill, road turns into a dirt road near the top of the
hill.
Turn left (northwest) on Old Crown Point Road just after pavement begins.
Turn left (west) at intersection onto Old Sta te Route 10.
Turn right (north) onto Eureka Street.
Fa rmhouse on west side of road belongs to Rufus Estes. If you are foll owin g t hi s
road log after the NEIGC trip, please ask his permission to park off the road and
l ook at the outcrops in the pasture on the east side of the road.
STOP 2A (Optional Stop)
Many different layers of epidote-amphibolite facies zone Standing Pond
Volcanics exist in the field which are continuous with those seen at Stop 3 (see
below). The purpose of this stop is to examine the nappe-stage fold displayed in
cross section in one of the pasture outcrops. The fold can be vie wed on the
southern face of an outcrop of medium gray-green, massi ve greenstone near the
southeastern edge of the height of land in the pasture. The fold i s an i soclinal
upright fold with an undeformed axial planar cleavage. It appears to be si milar
in style to the Fl nappe-stage folds of Rosenfel d (1968 and 1972) yet ha s an
undeformed axial planar cleavage suggesting that it might be an F2 generation
fold.

5. 5
6. 2
6 .3
7.1

Turn left (west) on Barlow Road.
Turn right (north) on Old Crown Point Road.
Outcrops on the east side of road are biotite-grade metasedimentary 1ocks.
Pull off on the east side of the road where a dirt road leads into the pasture.
Walk back to farmhouse on west side of road and ask permission of Dick and Helen
Moore to enter the pasture to examine the rocks, if you are following this road
log after the NEIGC trip.
STOP 3 [PLEASE! NO HAMt.ERS AT THIS STOP]
Outcrop on the west side of Old Crown Point Road is biotite grade Gile
Mountain Fm. The knots on the surface are identified petrographically as chloritized garnet. The chlori tization is interpreted as having occurred during M3.
The garnets may be Ml or M2 generation. Continuing into the pasture, a wide
var iety of layers of Standing Pond Volcanics can be seen. Westernmost layers are
felsic, light colored, and contain biotite and chlorite but no garnet or amphibole. Farther east in the field are dark-colored, medium-grained amphibolites
that may or may not contain garnet. The amphibole is hornblende, and the plagioclase albite. Based on the mafic rocks therefore, the rocks here are classified
as epidote-amphibolite facies. One must wonder why the pelitic rocks have been
affected by the late retrograde metamorphism, M3, yet the mafic rocks do not
appear affected by M3 at all.
The amphibole in most samples is aligned parallel to the foliation. The
main schistosity here is F2 and because the amphibole lies in the plane of
schistosity one may conclude that the amphibole formed contemporaneously with the
17
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f or ma ti on of the S2 schistosi ty.

7. 3
7. 9
10.4
10.8
10.85
11. l

13.2
13.3
18.3

Continue north on Old Crown Point Road.
Turn left (west) at the T-intersection. At the southwest corner of t his
intersection is another outcrop of Gile Mountain Fm. which contains garnet
replaced by chlorit~
Turn left (south) at the T-intersection and follow this road into downtown
Springfield.
Turn left (south) on Main Street - Route 11.
Cross over t he Black River and stay to the right (west; do not follow Route 11).
Go straight (west) at the lights - up the hill.
At the top of the hill bear left (south).
Continue south at the intersection at Hardscrabble Corner.
Bear right at the fork in the road; continue on the paved road.
Pass under the railroad overpass and pull off the road to the east . The best
outcrops are on the east side of the bridge along the river.
STOP 4 Beware of the Poison Ivy.
The rocks along the river bank are primarily mafic schists of the Standing
Pond Volcanics. Units vary from dark greenish-gray, weathering, schistose mafic
rocks to black and white laminated, massive "amphibolites" with felsic porphyroblasts. In thin section such differences are obscured by the effects of M3
metamorphism. Al l of the amphibole has been replaced by biotite, chlorite, epidote group minerals, carbonate and felsic minerals. Despite the pervasiveness of
the effects of the retrograde metamorphism these rocks may have been subjected to
epidote-amphiboli te facies metamorphism during M2. The coarse-grained amphibole
peudomorphs may indicate that the amphibole was hornblendic in compositon. In
the absence of analytical data and because the surrounding rocks are greenschist
facies zone rocks, these rocks are included within the greenschist facies zone
also.
Downstream from the mafic rock is a fine-grained, massive, calcareous,
micaceous quartzite of the Waits River Fm. This biotite grade sample is located
near the contact with the Standing Pond Volcanics according to Doll et al.
(1961), but unfortunately the contact is not visible.
F2 generation folds are closed folds of layering and Sl which have a cleavage developed that is axial planar to F2. F2 folds plunge moderately to the
southwest.

12. 6
20.2
26.6
26.9
27.0
27.05

Continue south across the bridge.
Turn right (west) onto Route 103.
Turn left (south) onto Pleasant Valley Road.
Turn left (east) at the T-intersection onto Route 121 towards Saxtons River.
Continue straight on Route 121 (don't turn right to go over the river).
Turn right (south) onto side street and head towards the river.
Turn right (west) and park in the parking area near the river.
STOP 5 (Stop 10 of Rosenfeld, 1972).
The outcrops along the river here are spect9cular and afford almost a
complete summary of both the structure and metamorphism seen thus far on the
trip. The Standing Pond Volcanics at this stop, as mapped, form the southern
hinge of a recumbent fold (Doll et al., 1961; Figure 2) and therefore, units
should be repeated across the axis of the fold. However, an increase in
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metamorphic grade within these exposures makes assessment of lithic continuity
across the fold difficult to discern.
Beginning in the outcrop south west of the parking area c;Jownsteam from the
bridge, three generations of folds are visible. Fl is seen in a carbonate-rich
layer folded back upon itself. F2 appears as open to closed folds of layering
and Sl. Fl and F2 seen here are nearly parallel; F2 plunges moderately to the
south. F3 open folds and kinks of S2 , Sl and layering are visible in thi s
outcrop also. F3 plunges moderately also, but in a so uthw esterly direction.
Rocks east of and downstream from the bridge are bioti te grade, greenschi s t
facies samples. The metasedimentary rocks are predominantly light-colored,
micaceous schists. The contact between the metasedimentary rocks and the
Standing Pond Volcanics is gradational. Rocks containing a predominant mafic
component are present west of (upstrea m from) the bridge. West of t he bridge the
metamorphic grade changes to garnet grade or epidote-amphibolite facies.
The Standing Pond Volcanics, as seen in samples upstream fro m the bridge,
are medium- to coarse-grained, brown-weathering and predo minantly massi ve although some layers appear schistose. So me of the massive rocks appear to contain
discrete laminae of mafic and felsic compositions. Others contain garnet, and
still others contain approximately 20% carbonate minerals. A question of many
workers in this area is whether the layers represent original layeri ng or are a
product of metamorphism.

27.10
27.15
27.5
33.9
34.0
34 . 4
34.8

Back track on Pleasant Valley Road to Route 103.
Turn left (north) back towards the center of Saxtons River.
Turn left (west) onto Route 121.
Turn right (north) onto Pleasant Valley Road.
Turn left (west) on Route 103.
Turn right (north) towards Brockways Mills.
Turn right (east) at T-intersection.
Turn off the road at the clearing, park and cross the railroad tra cks into t he
field . Cross the field and go into the woods at the southern most co rner of the
field . Follow the path down to the river.
STOP 6
St reamcuts here are Standing Pond Volcanics in contact wi th r ocks of t he
Waits River Fm. to the west (upstrea m) and rocks of t he Gil e Mountain Fm. t o the
east (downstream). The contact with ga rnet grade calcareous schis t of the Waits
River Fm. is very sharp and well-exposed. The contact between St anding Pond
Vol canics and garnet grade, micaceous schi st of the Gile Mountain Fm. is not
exposed.
Directly east of the contact wit h t he Wa i ts River Fm. is a spectacular
example of fasicular schist or "garbenschi efer". Splays of amphibole cover the
rock, some of which emanat e fro m two-inch diameter garnet porphyrobl asts and
radiate in 360°. Some am phibo le gr ains within individual fasicles appear curved
also. Within garnet porphyrobl asts concentric and sigmoidal inclusion trails are
visible. These patterns have been described by Rosenfeld (1968, 1972) and are
used to interpret the rotat iona l directions of the rocks during deformation.
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Downstream from the fasicular schists are other well defined layers of
Standing Pond Volcanics. Some layers are very micaceous and appear similar to
the garbenschiefer yet contain no garnets. Farther downstream massive, lam i nated, green-gray and white weathering amphibolites, some of which contain rusty
pits where carbonate has weathered out, are present. Near the falls, is a layer
which weathers orange colored and is very light on the fresh surface.
Plagioclase crystals are easily visible and predominate in this felsic rock.
This layer appears similar to the felsic layer observed at Stop 3 yet is farther
east in the layering sequence at this stop than was the felsic layer seen at Stop 3.
Downstream from the falls is a layer of mafic rock which is laminated black
and white. On the eastern side of the pool (downstream) are micaceous schist.s of
the Gile Mountain Fm. Medium-grained garnet knobs are present in this roe~.
Microprobe analyses of a sample of laminated, dark green-gray weathering
amphibolite that does not contain garnet allowed classification of the amphibole
as hornblende and the plagioclase as oligoclase (An 17 -An ) which is consistent
20
with epidote-amphibolite facies zone classification (Figure 2).
Many of the laminae within layers at this stop appear to be cut by an S2
schistosity. F2 folds plunge moderately to the northeast, and are generally open
folds. The long axes of amphibole grains lie parallel to the plane of S2 and in
some localities the long axes of amphibole grains are parallel to axes of F2
folds. The curved fasicles of amphibole and rotated garnet grains are interpreted as indicating that F2 and M2 were contemporaneous.
Primary layering is visible in
upstream from the fasicular schist.
rocks to the east stratigraphically
tent with interpretations of Fisher
that the Gile Mountain Fm. overlies

micaceous schists of the Waits River Fm.
Graded beds within the layers indicate that
overlie those to the west. This is consisand Karabinos (1980) in which they conclude
the Waits River Fm.

To get to Northfield, return to Route 103 and turn left (east) on Route 103.
Follow Route 103 to Interstate 91 North. Take I-91 North to the Northfield Exit.
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GEO LOGIC AND HYDROL OGIC EFFECTS OF A CATASTROPHIC FLOOD
IN THE COLD RIVER, SOUTHWESTERN NEW HAMPSHIRE
D. W. Caldwell and Sara Faldetta
Department of Geology, Bo..ston University
Bo..ston, Maffiachusetr.As
and
George F. Hanson
Star Route 1, Box 216
Alstead, New Hampshire

INTRODUCTION
The southwestern portion of New Ha mpshire is characterized by small,
steep-gradient watersheds which drain into the Connecticut River. The valley
sides in these watersheds are exceptionaly steep, are oft.en compo..sed of
fine-grained impermeable till, and are subject to frequent slumps and slides.
Although there are terraces of sand and gravel locally, they have little
moderating effect on the flashy characteristics of the watersheds. Intense
sum mer rainstorms have produced the record runoffs in this area. One such
event occurred in August, 1986, and the effect-As of this storm are the subject of
t his field trip.
On August 7, 1986, about 6 inches (15 cm) of rain fell within a 2-hour
period in a portion of the Cold River watershed in the towns of Acworth,
Alstead, and Langdon, New Hampshire (Fig. 1). T~s inte2:se rainfall was
concentrated in roughly ~cuJar az:ea of about 30 mi (78 km ) located in the
middle third of the 100 mi (260 km ) watershed of the Cold River.
GEOLOGIC EFFECTS OF THE 1986 FLOOD
Surface runoff from the steep hillsides of this watershed formed new
gullies, widened and deepened existing streams. Numerous road were washed out
(Stops 1 and 3) and at least one home was severely damaged.
In one such gully, erosion expo..sed a complex section of saprolite overlain
by till (Stop 5) . The saprolite is developed on sufide-bearing andesite
(Ammonoo..suc volcanics) and is overlain by a deeply weathered diamicton,
probably colluvium, although it does somewhat resemble tilL Expo..sures of
saprolite do exist in other parts of New England and Quebec, but are rare
enough to be noteworthy (LaSalle et al., 1985). The concensus of opinion about
these saprolite expo..sures, especially tho..se such as that at Stop 5 that underlie
till, is that they were formed during the Tertiary Period. The clay mineralogy
of the sub-till saprolites described by LaSalle et al. (1985) suggested to these
authors that they were formed under a warmer and wetter climate than either
interglacial or Holocene conditions. These same authors presume that saprolite
was widespread in New England and Quebec prior to glaciation and that the
known exposures are remnant-As of this exten..sive soil cover.

21

A-2

5km

N

~

Vt

Figure 1. Location of the Cold River watershed. Area of intense rainfall during
August, 1986 flood is roughly outlined by circle.
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Deposits of the 1986 flood
At t he base of many hill.side gullies, coarse gravel was deposited on
alluvial fans on the edges of flood plains (Stop 4). The fans existed prior to the
1986 flood and appear to consist largely of material similar to that deposited in
t hat flood. It may thus be possible that events similar to the 1986 flood were
responsible for the formation of these fans.
Coarse gravel nearly 611s the channel of at least one tributary stream
near itAs j.mcture with the Cold River (Stop 6). This gravel was graded to the
flood level of the Cold River, and forms a kind of delta within the channel of
t he tributary and is one of a number of records of the stage of this flood. The
gravel in this delta was eroded from within the watershed of the tributary and
t hus represents a deposit that is different from the slack-water depo..sits
described by Kochel and Baker (1982) in which sediment is carried into a
t ributary from the trunk stream.
The flood waters generated within the central portion of the Cold River
had maj:>r effects far downstream. At the mouth of the Cold River, flood
waters estimated to be about least 10-feet (3 m) deep, with a velocity 5 feet
(150 cm) per second, moved into the Connecticut River. Gravel clasts up to 15
inches (400 mm) in intermediate diameter was depo..sited as a delta which
prograded nearly three-fourths of the way acro..ss the Connecticut (Stop 8).
When the flood waters lowered and the delta was expo..sed, the Connecticut was
confined in a channel about 100 feet (30 m) wide. The very high flow and
associated turbulence of this flow caused exten.sive bank ero..si.on on the Vermont
side of the river.
On the delta surface, a number of features indicated that the flow durng
this flood was in a direction that combined the flow from the Cold River and
the Connecticut (Fig. 2). These flow indicators include shingled gravel, oriented
trees and scour pits around the base of the trees, and gravel bedforms with
crest-As spaced about 8 feet (2.4 m) apart (Fig. 2). Subsequent floods in January
and April, 1987 have moved the trees, wiped out the bedforms, and reoriented
the clast--s of the delta surface. The delta has not moved measurably down.steam,
but the distal end of the delta has been eroded, widening the channel. At this
writing (July 6) the delta has reappeared, as spring and early sum mer high water
has receeded. There is a small channel between the delta and the river bank
(Fig. 2), and the delta can be reached only by a knee-deep wade.

HYDRO LOGICAL EFFECTS OF THE 1986 FLOOD
About 2 weeks prior to the inten.se rainfall, an observation well had been
placed near the bottom of a kettle in a small delta. A steep bedrock hill rises
above the delta surface. Figure 3 is the hydrograph of this well that covers the
period of the August, 1986 flood. As may be seen in the summary of rainfall in
Figure 3, abundant rain had fallen prior to the maj:>r storm. This figure also
shows that the the water table when the well was installed was over 40 feet
(12 m) below the ground surface. Within a few weeks of the August storm,
r echarge had found itAs way from the surface to the water table and eventually
added about 9 feet (2. 7 m) to the saturated thickness of the aquifer and as
quickly the water was di~ated. The aquifer is abruptly terminated to the
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Figure 2. Map of the delta deposited at mouth of Cold River during August,
1986 flood (See Figure 1). Trees on delta surface and gravel bedforms (jagged
edges of distal end of delta) indicate fl.ow direction during flood. Plane table
and alidade map by D.W. Caldwell and Ed Kelly, September 20, 1986.
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Figure 3. Hydrograph of observation well showing ·recharge during flood of
August, 1986. Bar graph at bottom of figure indicates rainfall during period July
26 - August 8, 1986. Note the very rapid rise and rece..ssion of water table. The
recharge of the aquifer was a result of direct rainfall combined with runoff
from steep hillc:rl.de that was concentrated into a kel:".l:"le in a glacial lake delta.
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north, and groundwater is discharged in a series of contact springs along the
base of the valley wall, more than 100 feet (30 m) bf'tlow the delta surface.
Using the concept of Specific Yif'tld (Sy), we may estimate the amount of water
recharged during the event:
·

(1)

Sy= Vwa
Va

where Sy is Specific Yif'tld (or effective porosity), Vwa is the volume of water
added (or rf'tleased) to storage, and Va is the volum e of aquifer into which the
water is added or rf'tleased. This analysis conceives of a unit prism of the
aquifer 1 foot (or other unit) l?qllare in cross section and with a length equal to
the change in water table f'tlevation. Because this analysis uses a unit pris m,
volume and length are equal. Rearranging equation 1 to solve for Vwa, and
assuming a reasonable Specific Yif'tld of 0.20,
and
and

Vwa =Sy x Va
Vwa = 0.2 x 9 feet = 0.2 x 2. 7 m
Vw a = 1.8 feet or 21.6 inches = 548 mm

(2)

This analysis indicates that the aquifer in the vicinity of the kettle
recieved about 21 inches (548 mm) of recharge while about 6 inches (150 mm) of
rain were falling. It should be reme mbered that other rain preceeded and
fl.cowed the principal storm on August 7 (Fig. 3). The total of all the rainfall in
late July and early August was about 12 inches (305 mm). We believe the excess
recharge occurred when runoff from the steep hillside above the aquifer was
concentrated into the kettle. This secondary recharge was not observed in other
parts of the wa tershed. We believe that in situations like this one, unless
secondary recharge from steep hillsides is considered total aquifer recharge may
be underestimated.

REFER ENCES
Kochf'tl R.C. and Baker, V.R., 1982, Paleofl.ood hydrology: Science, voL 215, p.
535-561.
LaSalle, Pierre, DeKimpe, C.R., and Laverdiere, M.R., 1985, Sub-till saprolites
in southeastern Quebec and adjacent New England, in Borns, H. A.,
LaSalle, P., and Thompson, W.B., eds., Late Pleistocene history of
northeastern New England and adjacent Quebec: Geological Society of
America Special Paper 197, p. 13-20.
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ROAD LOG, COLD RIVER FIELD TRIP
Field trip meet.ing place is on Route 12 in North Wa]pole, New Hampshire, about
1 mile south of Bellows Falls, Vermont. From the north or south, take exit 6
from Interstate 91, go south on Route 5 to Bellows Falls and follow si.gn..s for
Route 12. Meet.ing place is 1/2 half mile south of Green Mountain Railway
roundhouse at traffic light. Turn right on off-ramp to Connecticut River. From
Boston area take Route 140 off Route 2 near Gardiner to Route 12. Follow
Route 12 through Keene to North Wa]pole. From eastern New Hampshire and
from Maine follow Route 101 from Portmouth to Keene and then Route 12 to
North Wa]pole. As parking is somewhat of a problem, we may want to
con..solidate into as few vehicles as possible. We will pag:; this way to Montpelier
this afternoon and can retrieve vehicles left here.
Mileage

Road Log

o.oo

Leave off ramp, south on Route 12.

0.20

North Wa]pole Gauge. Mouth of Saxon's River aero.SS Connecticut.

0.50

Turn left on Route 123. Mouth of Cold River.

o. 70

Turn left onto Cold River Road. Glacial Lake Hitchcock delta
acro.ss valley.

1.5-1.9

Whitcomb Sand and Gravel acro.ss Cold River.

2.6

STOP 1. Mouth of Great Brook. Cold River Road was washed away
in flood by large eddy in river at this point. We are nearly 3 miles
down.stream from area of intense rainfall in August, 1986 storm.
There was no evidence of large flows from Great Brook itself.
Continue along Cold River Road.

3.5

Intersection with Route 123. Cro.ss Route 123 and park on right for
Optional stop.
STOP 2. (Optional Stop). Drewsville Gauge, discont.inued by USGS
in 1978. Operated by Department of Geology, Bo.ston Universi.ty
si.nce 1980. Inclined staff gauge allowed estimation of 1986 flood
stage of 13.00 feet. By extrapolation of stage - discharge rating
curve this is equivalent to about 10,000 cfs. This exceeds previous
record stage of 12 feet, and compares with the stage of 11 feet
during April 1987 floods. Note gorge below bridge and numerous
bridge abutment~s. Return to cars and proceed south (east) along
Route 123.

5.5

Juncture of Route 123 with Route 12A. Turn right, cro.ss Cold
River and bear left through village of Alstead. Note till cut in
stream channel on left, behind playground. This is near the
downstream (western limit) of inten..se rfilnfall and ero.sion during
August 1986 flood.

6.1

Turn left at Gulf station to Route 123A.
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6.50

STOP 3. Park on left. Note gravel deposit~s in woods
beyond pooL This is result of both the 1986 and 1987 floods. Walk a
fe w hundred fe et along road. Note abrasion of trees in ditch on l eft
which resulted fro m t r ansport of coarse sediment in floodwaters.
Cross Route 123 t o junc ture with dirt road. This road was
co mpl et1y washed a way in flood, leaving a channel about 30 feet
wide and 10 feet deep. The road was rebuilt and the road replaced
wi th a 12-inch culvert. Return to cars and proceed along Route
123A .

8.60

C r0-~ Cold River, find parking on shoulder.
STOP 4. Alluvial fan on edge of valley. Cobble size gravel was
deposited during intense runoff in August, 1986. Numerous fans like
t his one were also covered with gravel in this flood.

9.40

Turn right on Route 123A. Note small slide scars on left.

9.50

STOP 5. Find parking along right side of road and return to
clearing on left side of road with blue sap lines. Large gully cut to
bedrock during August, 1986 storm. Exp0-sure on east side of gully
near large maple tree shows the following stratigraphy:
3 f eet laminated grey till
2 feet reddish-brown diamicton, probably colluvium
1 foot yellow-brown saprolite
bedrock (A mmon00-sic volcanics)
Other exp0-sures of saprolite along gully channel up the hill.
Return to vehicles and continue along Route 123A.

10.00

Turn right. Home of Dr. and Mrs. George Han.son. We will have
lunch here and also visit Stop 6. Pull past house and barn and park
in indicated area.
Stop 6 is within walking distance of the Hanson house. Walk along
path to Cold River and along bank in upstream direction to juncture
with Millikens Brook.
STOP 6. Cobble and boulder gravel was dep0-sited by Milliken
Brook in its own channel as the fl.ow was slowed by flooding in the
Cold River. This channel dep0-sit was graded to the level of the
flood stage of the Cold River during August, 1986 flood. This
deposit is in effect an in-channel delta. This stream now flows
between coarse channel dep0-sit. During spring flood in 1987, the
channel was so diminished in capacity that water was diverted onto
flood plain.

10.01

Return to Han.son's for afternoon stops (2). Return to 123A, turn
right.

11.4

Turn right and

12.0

Park in lot of Acworth highway garage. Washed out road on left
leads to Beryl Mountain pegmatite quarry. Continue along road and
descend dirt road on right.
STOP 7. Washover fan from steep slopes of Beryl Mtn. covers road
and continues to floor of kettle on right. Observation well beyond

cr0-~

one way bridge.
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fan experienced rise in water table of about 9 feet within a . fe w
weeks of the flood. Analysis of the hydrograph of this well (see
Fig. 2) and assuming a specific yield of 0.2, indicates as much as
1.8 feet of water were recharged into the aquifer from the kettle.
This suggest~s that water from the steep slopes above was
concentrated into the kettle and this water plus the direct rainfall
accounts for the high recharge.
Return to vehicles. Continue ahead on road.
12.2

Acworth dump. Unco:ila~ea delt::a surface exposed in rear. Bedrock
on left side of road.

13.0

Turn right at mineral shop.

14.2

Turn left on Route 123A

17.0

Juncture with Route 123 and Route 12A. Straight ahead.

17 .8

Turn left on Route 123.

19.6

Turn left at blinking light on Route 123.

19.9

Lake Hitchcock delt::a surface.

20.3

Pit~s

21. 2

Descend foreset slope of Hitchcock delt::a.

21.8

Turn right.

22.0

Cross Cold River.

22.3

Turn right on Route 12 and almost immediately turn left onto
grassy area beside road. Be careful of cro.~g Route 12.
Walk south along roadbed of abandoned railroad. Upon reaching
bridge abutment, descend slope to right. Careful of poin..son ivy.
Reach bank of Connecticut River.
STOP 8. Delt::a in Connecticut River was depo.sited from coarse
sediment carried down the Cold River during the flood of August,
1986. "Paleo" flow indicators included oriented trees and gravel
bedforms, as well as shingled gravel (Fig. 2). Debris in fallen trees
indicated water in Cold River was about 10 feet deep when delt::a
was depo.sited. Suh.sequent floods in January, 1987 and April, 1987
have eroded the distal end of the delt::a, but the delt::a has stayed
pretty where as it was formed. The channel between delt::a and
Vermont side of river has been widened by ero.stl.on on both sides.
Soon after delt::a was formed, this channel was about 100 feet wide.
Return to vehicles.

on right expose forset beds in Hitchcock delt::a.

On Friday trip: turn north (left} on Route 12. At second light, turn
left over Connecticut River, then right and find Route 5. Follow
Route 5 for about 3 miles to I-91.
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Fi g ure 1.
"Probable eastern border of the Shelburne drift" .
Accord ing to Stewart and MacClintock (1969, p.99), the Shelburne
d rift presumably was derived by ice moving frcxn the northeast.
Note that surface-till fabrics west of the border between Winchester and Charlestown indicate that the Shelburne drift came
from older drift east of the border. That situation would be
h ighly unlikely if not impossible.
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GLACIAL LAKE HITCHCOCK IN THE VALLEYS
OF THE
WHITE AND OTTAUQUECHEE RIVERS,
EAST-CENTRAL VERMONT
by
Frederick D. Larsen
Department of Earth Science
Norwi·ch University
Northfield, Vermont 05663
INTRODUCTION
There are two main purposes of this field trip. One is to
review Late Wisconsinan glacial stratigraphy at two exposures in
West Lebanon, New Hampshire, where outwash older than the last
glacial advance can be observed. The other is to address the
question of the relative ages of glacial Lake Hitchcock, glacial
Lake Winooski, and the Champlain Sea.
Field trip stops will be
made on the following U.S.G.S. 7.5-minute quadrangles: Hanover,
Vt-NH; Quechee, Vt; Sharon, Vt; Randolph, Vt; and Brookfield,
Vt.
In addition, the field trip passes through the South Royalton, Vt, and Randolph Center, Vt, quadrangles.
Erosion of canplex metamorphic rocks by streams and continental ice sheets has
produced a rugged, hilly topography with 800 to 1,000 feet of
local relief.
Drainage is controlled by the Connecticut Rive·r
which flows south-southwest through the area. Three major tributaries of the Connecticut River in this area are the White,
Ottauquechee and Mascoma Rivers.
The area probably has been covered by ice sheets several
times but specific evidence of multiple glaciation in east-central Vermont and west-central New Hampshire has not been demonstrated.
Multiple-till exposures representing two separate glaciations are known in northern, east-central, and southern New
Hampshire (Koteff and Pessl, 1985), as well as in southern Quebec and southern New England. The margin of the last ice sheet
retreated northward fran Long Island at least by 19,000 years
ago (Sirkin, 1982), and the Quebec Appalachians were deglaciated
by 12,500 years ago (McDonald and Shilts, 1971). Therefore, the
ice margin retreated through the field trip area between 19,000
and 12,500 years ago.
Using linear interpolation and assuming a
steady rate of ice margin retreat, we can guess that the ice
margin retreated through the area between 14,000 and 15,000
years ago.
However, the ice probably had an increasing rate of
retreat through this area.
Stewart (1961), and Stewart and MacClintock (1964, 1969,
and 1970) recognized three separate drift (till) sheets in Vermont and westernmost New Hampshire. They named (1) a northwest-derived Bennington drift, (2) a northeast-derived Shelburne
drift, and (3) a northwest-derived Burlington drift.
Most of
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the a r ea of t h i s fi e l d trip lies in the area of t he s o- c al l e d
Shelburne dr ift (Fig . 1 ) . The Shelburne drif t was f ound not to
exist at its type locality (Wagner, Morse and Howe, 1972) and 8
of 9 indicator fans mapped in the area of the Shelburne drift
are oriented to the south-southeast. According to Stewart and
MacClintock, they should be oriented to the southwest of their
source areas.
I believe that the model of three drift sheets in
Vermont and New Hampshire is untenable and that the surface till
of New England resulted from_the advance and retreat of one ice
sheet, the Late Wisconsinan (Laurentide) ice sheet.
During retreat of the ice sheet in this area, the ice ma·rgin was accompanied by a northward-expanding glacial Lake Hi tchcock (Lougee, 1939, 1957). Lake Hitchcock developed a stable
outlet over a bedrock threshold at New Britain, Connecticut, and
drainage down the present-day course of the Connecticut River
was blocked by a large ice-contact delta at Rocky Hill, Connecticut (Stone and others, 1982). Recent work by Koteff and Larsen
(1985 and in prep) indicates that the former shoreline of Lake
Hitchcock now rises toward about N21.5°W with a gradient of 0.90
m/km (4.74 ft/mi). The lake formed during ice retreat when the
land was still depressed by the weight of the ice, and it extended 320 km from its spillway to West Burke, Vermont, before
uplift due to the removal of the weight of the ice sheet commenced.
Deltaic and lake-bottom deposits associated with Lake
Hitchcock will be observed at several stops on this field trip.
At its maximum extent, an arm of Lake Hitchcock extended up
the valley of the Second Branch of the White River and into
Williamstown Gulf in central Vermont. Gravel bars located in the
valley bottom near East Brookfield appear to have been formed by
the outlet stream from glacial Lake Winooski after Lake Hitchcock drained (Larsen, 1984). This would seem to indicate that
the dam for Lake Hitchcock had been breached while glacial ice
still blocked the northwest-draining Winooski River. However
the level of Lake Hitchcock lowered, whether it was by a rapid
breaching of its dam or by slow rebound of the crust, or by
both, the Connecticut River eventually cut down through the sediments of Lake Hitchcock leaving former flood plains elevated as
stream terraces above the level of the modern flood plain.
Stream-terrace deposits will be observed at Stops 1 and 2.
No mention has been made of glacial Lake Upham in the above
account. The reason for that is twofold.
First, that portion
of the map of Lake Upham shown by Lougee (1957) to be north of
the so-called "Algonkian hinge line" essentially is the same as
the shoreline shown by Larsen (1984) and Koteff and Larsen (1985
and in prep) to be the northern part of Lake Hitchcock.
Secondly, although many data points (delta elevations) collected by
Koteff and Larsen (in prep) fall below the level of Lake Hitchcock, at this time there is no clearly defined single shoreline
that one might call "Lake Upham".
For these two reasons, I suggest that the term "Lake Upham" be dropped.
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Fi g u re 3 .
Indicator fans in Vermont, New Hampshire, and southern Quebec : 1. Barre; 2. Braintree; 3. Brocklebank; 4. Knox Mt.;
5. Lebanon ; 6. Glover; 7. Ascutney; 8. Cuttingsville; 9. Mt.
Hereford; solid black, igneous source rocks; black lines downg lacier fran plutons are 10% isopleths showing percent of source
rocks in till samples. (Sources: 1, Larsen, 1972; 2-8, Great
Pebble Campaigns at Norwich University, 1974-78 and 1980-81; 9,
McDonald, 1967)
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ADVANCE OF THE ICE
During advance of the last ice sheet in this part of the
Connecticut Valley, braided meltwater streams issuing from the
ice dropped tons of sediment in front of the ice as outwash or
valley train deposits.
As time went on, the ice sheet overrcx:le
these advance outwash deposits and in most areas removed them
and recycled them into till or into younger advance outwash further downstream.
However, tpere are three places in eastcentral Vermont and western New Hampshire where advance outwash
deposits can be observed. They are (1) along the Jail Branch
southeast of Barre (Larsen, 1972, Stop 1), (2) on the south. side
of the White River east of Bethel, and (3) in two pits visited
on this field trip in West Lebanon (Stops 1 and 2). Advance
outwash probably occurs at other sites but exposures are not
common.
DIRECTION OF ICE MOVEMENT
The direction of movement of the former ice sheet can be
ascertained by a study of striations, roche moutonnee forms,
crag-and-tail features, indicator fans, and the orientation of
elongated stones in till (till-fabric analysis).
Figure 2 shows
a portion of a map of glacial striations compiled by James w.
Goldthwait (Flint, 1957). Note the fact that along the Connecticut River of east-central Vermont and western New Hampshire
striations trend between south-southwest and southeast. Away _
from the river both on the east and the west the striations are
oriented between south-southeast and southeast. I attribute the
pattern to one glaciation and to the facts that striations are
made at different times during a single glaciation and that the
direction of movement of bottom ice may be quite different than
the regional gradient on the surf ace of the ice due to rugged
topography.
Support for the idea that ice movement in east-central Vermont was to the south-southeast as shown in Figure 2 came from a
series of "Great Pebble Campaigns" at Norwich University.
Students in physical geology labs each collected 100 pebbles at selected sites around and south of granitic plutons and other
unique source areas. When the percent of indicator clasts at
each site was plotted it was found that the highest concentrations were between due south and southeast of each source area
studied (Fig. 3).
When we compare the south-southeast orientation of the indicator fan derived from the Lebanon dome (5, Fig. 3) with the
southwest orientation of the till-fabric arrows shown in Figure
1 there is an obvious discrepancy.
Note ori Figure 1 the symbol
at Lebanon that shows southwest-oriented-surface till over
southeast-oriented subsurface till.
The location of that Stewart and MacClintock study is taken to be the West Lebanon Sand
and Gravel pit (Stop 2) where, tcx:lay, apparently only one till
can be observed. To approach a solution to the problem, till-
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Figure 4.
Str a tigr a ph ic section at St op 4 , West Lebanon Sand
and Gr a ve l pi t , showing location of till-fabric studies made in
July, 1 973 , by the following: (a) Steve Tenney, (b) John Cleary,
(c) Jul ian Green, (d) Jim Reynolds, and (e) Tan Lyman.
Note the
upw a rd change in shape and orientation of the till-fabric diagrams . The more rounded diagrams reflecting more spread of data
are at the bottan and the narrower diagrams indicating less
spread o f data are at the top. The change in orientation from
n or t h - n orthe ast/s outh-s outhwest at the bottom to north/south at
the top reflects a change in the direction of ice movement
d u r ing d eposition of the till.
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fabr ic s t ud i es were made during the summer of 1 9 7 3 by stud e nt s
in a ge omor phol ogy class at Dartmouth College (Fig . 4 ). The
till-fabric diagrams in Figure 4 show a change in orientation
from north-northeast/south-southwest at the bottom to north/
south at the top which reflects a change in the direction of ice
movement during deposition of the till. The question remains:
when were different parts of the till section deposited? The
n orth/south orientation of the upper two fabric diagrams shown
i n Figure 4 is more consist~nt with the south-southeast trend of
the Lebanon indicator fan than the southwest trend of "surface
till" shown by Stewart and MacClintock.
DEGLACIATION
As mentioned above, based on interpolation, the ice margin
retreated through the West Lebanon area between 14,000 and
15 , 000 years ago.
Evidence for that statement canes fran the
fact that Mirror Lake, NH (altitude 212 meters) was deglaciated
by about 14,000 years ago (Davis, Spear, and Shane, 1980).
Because Mirror Lake is located 61 kilometers (38 miles) northeast
of West Lebanon, it seems reasonable to assume that the West
Lebanon area was deglaciated at least by that time.
In Massachusetts, deglaciation of the Connecticut Valley
was by an active lobe of ice that readvanced several times (Larsen and Hartshorn, 1982). The active lobe is also shown by - a
radial pattern of striations stretching across the valley and
the distribution of erratics of Jurassic-Triassic rocks transported both east and west of their source area in the Connecticut Valley.
Inspection of the Goldthwait canpilation (Fig. 2)
r eveals southwest and west-southwest striations located west of
the Connecticut River in both Massachusetts and Connecticut.
A basic question then is how far north was the Connecticut
Valley ice margin an active, spreading lobe.
I believe the answer lies on the Goldthwait map near Putney, Vt (P, Fig. 2), at
the site of a striation that trends about S30°W. On the west
side of the Connecticut Valley north of Putney there are no
striations that indicate a radial pattern of movement by an active ice lobe.
I interpret the lack of a radial pattern of
striations to indicate that deglaciation of the Connecticut Valley north of Putney was by a stagnant tongue of ice.
In my view
the width of the stagnant zone was many kilometers wide and, upglacier from the stagnant ice, the active ice was sluggish at
best, showing no sign of lobate flow in late-glacial time.
An important glacial feature that fo~med in late-glacial
time in this area, and one that typically forms in stagnant ice,
is the Connecticut Valley esker.
It probably was built in segments over a north-south distance of at least 40 kilometers from
Windsor, Vt, on the south, to Lyme, NH, on the north.
We will
not visit the Connecticut Valley esker on this field trip, but
excellent exposures in the esker are available for study in
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Hartland , Vt , where the top of the esker rises 40 meters above
what was once the floor of Lake Hitchcock.
Sediments in the
Pike pit, 1.2 kilometers east of Hartland village, display a
wide range of grain sizes from interbedded pebbly sand and pebble-cobble gravel in south-dipping crossbeds to fine and very
fine sand with ripple crossbedding dipping to both north and
south.
Large angular blocks, over 1 meter on edge, of bedded
fine sand, silt, and clay appear to have dropped into the esker
sequence from overlying ice. At the very least, the presence of
the Connecticut Valley esker·tells us that there was a large
subglacial, meltwater stream flowing south into Lake Hitchcock
just prior to -retreat of the ice margin through this area • . Although we do not stop in the Connecticut Valley esker on this
trip, sediments of the Sharon esker in the White River valley
will be observed at Stop 5.
GLACIAL LAKE HITCHCOCK
As the ice margin retreated through the West Lebanon area
it was accompanied by a northward expanding Lake Hitchcock. For
an up-to-date treatment of the origin and early history of Lake
Hitchcock see Stone and others (1982) and Koteff and others
(1987).
By the time the ice margin was in the vicinity of the
Holyoke Range in Massachusetts, the level of Lake Hitchcock had
become stable because downcutting at the ·New Britain spillway
had reached bedrock and ceased. Koteff and Larsen (in prep.)
have established the location and orientation of the stable
shoreline of Lake Hitchcock by determining the elevation of the
topset/foreset contact in many deltas (Fig. 5). The highest 28
deltas are ice-marginal features, consecutively built northward,
and define the former shoreline as a plane with a gradient of
0.90 m/km (4.74 ft/mi) toward N21.5°W (Fig. 6). Because the
former shoreline appears to be planar, as opposed to being
curved, we believe that postglacial rebound did not commence in
New England until the ice margin had retreated north of West
Burke (Koteff and Larsen, in prep.).
If rebound had caused the
spillway to rise while ice still occupied the northern part of
the Lake Hitchcock basin the youngest deltas would have formed
in a rising lake. That would have produced a concave-up projected profile instead of the linear projected profile that we
see in Figure 6.
The sediments of Lake Hitchcock that will be seen on this
field trip consist mainly of deltaic and proximal lake-bottom
deposits. The latter consist of varves with winter clay layers
less than 2 centimeters thick and summer layers of laminated
very fine sand and silt that typically are 30, 40, 50, or more
centimeters thick. These proximal varves occur directly above
esker deposits and are often collapsed.
I attribute the thickness of the summer layers to the rapid rate of deglaciation of
stagnant ice. Proximal varves are well exposed at Stops 1 and 5.
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Figure 6.
Ordinary least squares regression profile based on
altitudes of topset/f oreset contacts of 28 unmodified, ice-marginal, or meltwater-derived deltas (+) in glacial Lake Hitchcock. (
) other altitudinal data.
Dashed profiles are diagrammatic only.
Lake-bottom profile estimated from previous
publications and topographic maps. (Figure from Koteff and Larsen, in prep.)
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QUECHEE GORGE
When the retreat ing ice marg i n was l oc a ted just north of
the present site of Quechee Gorge , an ice-contac t de l ta was
formed by meltwater streams flowing into an arm of Lake Hitch cock that extended into the valley of the Ottauquechee River.
The original delta extended completely across the valley and wa s
slightly higher than the sandy plain crossed today by U. S. Route
4 just east of Quechee Gorge.
Later, after either Lake Hitchcock had drained or postglacial uplift had be g un, meteoric water
from upstream crossed over the delta plain and lowered the surf ace by as much as 3 meters. This is shown by fluvial beds ·
overlying lake-bottom sediments at Stop 3.
In time, Lake Hitchcock drained when the Rocky Hill dam was
breached. The stream that we know today as the Ottauquechee River was flowing south on the west side of the Quechee delta.
As
Lake Hitchcock lowered, the Ottauquechee River was easily able
to erode down through sand, gravel, and till until it struck
ledge. Downcutting slowed abruptly when the ledge was encountered but nonetheless it continued to the present day to produce
one of the top geologic and scenic features of Vermont.
The preglacial valley of the Ottauquechee River is located
under the east side of the Quechee delta. A well, located near
U.S. Route 4, 1.1 kilometers east of Quechee Gorge, has over 35
meters of unconsolidated sediment and a second well, 366 meters
east of Quechee Gorge and 30 meters south of U.S. Route 4 , has
42 meters of fine sand overlying 5 meters of till (James w. Ashley, 1987, pers. commun.). The Ottauquechee River could not
slip laterally down along the bedrock ridge i t encountered during downcutting and back into its preglacial valley because of a
bedrock high located 198 meters N75 E of the east end of the
bridge over Quechee Gorge. The bedrock is exposed above the
level of U.S. Route 4 and has faint striations trending due
south.
WILLIAMSTOWN GULF
Lake Hitchcock eventually extended up the .valleys of the
White River and its tributaries.
Its maximum northward extent
in the White River basin was up the valley of the Second Branch
and 1.6 kilometers into Williamstown Gulf, a narrow V-shaped
valley about 2.5 kilometers long.
Located just south of the
lowest drainage divide (279 meters/915 feet) between the Winooski River basin and the White River basin, Williamstown Gulf
must have been occupied by an outlet stream from a glacial lake
whenever the Winooski River was blocked on the northwest by
glacial ice.
If we accept two major glaci~l advances and
retreats between the St. Lawrence Lowland and southern New England during the Wisconsinan (Koteff and Pessl, 1985), then by
necessity Williamstown Gulf was eroded by a major outlet stream
on four occasions during the Wisconsinan, that is, during each
advance and retreat of the ice sheet. Williamstown Gulf is,
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therefore, a relic landform .
It bears a spec ial fluvial imprint
in an otherwise glacial landscape .
RELATIVE AGES OF LAKE HITCHCOCK ,
LAKE WINOOSKI, AND THE CHAMPLAIN SEA
Glacial Lake Winooski developed in the northwest-draining
Winooski valley after the margin of the ice sheet retreated
north of the 279-meter threshold located 4.0 kilometers south of
Williamstown, Vt.
Meltwater from the ice sheet passed through
Lake Winooski, over the threshold and into Williamstown Gulf
where, at an elevation of about 237 meters (777 feet), it joined
Lake Hitchcock (Fig. 7).
Four small ice-contact deposits (deltas?) are located on the valley side between the south end of
Williamstown Gulf and a point 1.9 kilometers south of East
Brookfield. These four deposits fall on or near the projected
level of Lake Hitchcock, and are believed to have been deposited
directly into Lake Hitchcock (Fig.7).
Longitudinal gravel bars up to 300 meters in length occur
along 7 kilometers of valley floor in the vicinity of East
Brookfield. The bars, difficult to see on the ground, are easily
viewed on aerial photographs. The bars are composed of pebble
gravel with some cobbles in horizontal layers or in sheets that
are parallel to the bar surfaces that are convex-up in both
longitudinal and transverse profile. The bedding is indistinct
except that some gravel layers have a sand matrix. Sand layers
and sedimentary features formed in the lower-flow regime are
absent. The gravel layers were all deposited in the upper-flow
regime by a large stream under flood conditions.
I interpret
that stream to have been the outlet stream from Lake Winooski
after Lake Hitchcock had drained, because the minimum projected
level of Lake Hitchcock is 25 meters above the bar surf ace at
Stop 8, 3.0 kilometers south of East Brookfield (Fig. 7).
If that is true, then it is possible to establish a minimum
age for the draining of Lake Hitchcock by inspecting the chronology of glacial lakes in the Champlain, Winooski, and Connecticut Valleys in relation to the Carbon-14-dated Champlain Sea
(Fig. 8).
Lake Winooski continued to exist while the ice margin
retreated down the Winooski valley to the northwest toward the
Champlain Valley. When the ice margin reached the vicinity of
Jonesville, Vt, on the west side of the Green Mountains, Lake
Winooski drained and water no longer flowed south over the 279meter threshold in central Vermont.
A sequence of four separate ice-marginal lakes formed in
the valley of the Huntington River as Champlain Valley ice melted from the lower Winooski valley (Wagner, 1972).
Eventually,
an arm of glacial Lake Vermont occupied ·the lower Winooski valley as far east as Waterbury.
With retreat of the ice margin in
the Champlain Valley, glacial Lake Vermont extended northward
into Quebec.
Ice in the St. Lawrence Valley disintegrated and
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about 12,500 years ago (Gadd and others, 1972), marine waters of
the Champlain Sea replaced Lake Vermont (Fig. 8). Th e Champlain
Sea existed from about 12,500 to 10,000 years ago at which time
crus tal rebound raised the threshold of the Champlain basin to
sea level, which caused the freshening of Lake Champlain.
The conclusion I reach is that the draining of Lake Hitchcock occurred while Lake Winooski existed and several hundred
ye ars before any marine sediments were deposited in the Champla in Valley.
If we accept the date of 12,500 BP as the time of
mar ine incursion, then the draining of Lake Hitchcock could easily have occurred at or before 13,000 BP.
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Figure 9.

Location of field trip stops.
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Road Log
START AT PARKING LOT AT McDONALD ' S RESTAURANT , N. H. ROUTE
12A, 0 . 25 MILE SOUTH OF INTERCHANGE 20, ROUTE I -89 , WEST
LEBANON, NEW HAMPSHIRE
Mi le age
0. 0
Begin mileage and turn right (east) on Interchange Dr i ve
0. 1

Turn left on Plaza Heights

0.3

Turn right between two large buildings, park in pit area

STOP 1. MOULTON CONSTRUCTION CO. PIT.
EAST FACE: The owners request that visitors stay away from
t he steep east face which has a total height of about 23 meters.
From the bottom up the section consists of 8.4 meters of pebbly
coarse sand in trough crossbeds that consistently dip to the
south.
Next is a massive layer, 2.7 meters thick, composed of
pebble gravel with cobbles. Above the massive gravel layer is a
4.6-meter unit similar to that at the base with trough crossbeds
that dip to the south. Capping the section is 4.6 meters of
gray, compact till that is overlain on the south by 1 meter of
brown fine to .very fine sand. The sequence is interpreted to be
advance outwash at the base with the overlying till representing
the advance and retreat of the Late Wisconsinan ice sheet. The
sequence does not represent a readvance of the last ice sheet
because during retreat the margin of the last ice sheet was
accompanied by a northward-expanding glacial Lake Hitchcock. A
readvance in a glacial lake should result in a section with till
overlying lacustrine sediments, not fluvial sediments as seen
here.
SOUTHWEST FACE: · At the base 1. 0 meter of loose coarse sand
and pebble gravel is overlain by 3.2 meters of compact diamict
made up of pebble gravel with cobbles and boulders. The clasts
in the diamict are rounded to angular and are up to 1.0 meter in
diameter.
Above the diamict is 5.0 meters of laminated very
fine sand, silt, and clay in proximal varves up to 60 centimeters thick.
In places, up to one half meter of loose pebble
gravel lies between the diamict and the varves.
Stream terrace
gravel overlies the varved sediments at the south end of the
pit. The 1.0 meter of loose gravel at the base is• interpreted
to be advance outwash. The diamict is believed to be the Late
Wisconsinan till that here was derived from coarse advance outwash and the varves are interpreted to be the bottom sediments
of Lake Hitchcock. At the top, thin stream-terrace deposits
represent a stage in downcutting through older sediments by the
Mascoma River or the Connecticut River.
Retrace route to NH Rt 12A
0.8

Turn right (north) on Rt 12A

1.0

Proceed north under Interstate I-89
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2. 3

Turn right (east) on U.S. Route 4 and immediately

2.3 3

Turn right (south) on Elm Street, proceed south

2.7

Ga te to Twin State Sand and Gravel

2.9

Near office turn left and descend to ac tive pit

STOP 2. TWIN STATE SAND AND GRAVEL PIT.
SOUTHEAST FACE:
Walk southeast to face with 10 meters of
till overlying pebble gravel.
The section is interpreted to be
Late Wisconsinan till overlying advance outwash. The lower portion of the till is rich in well rounded pebbles. Measurements
for the till-fabric diagrams shown in Figure 4 were made at this
site.
ACTIVE PIT:
At the west end the section consists from the
bottom up of: (1) 2.5 meters of pebbly sand in south-dipping
trough crossbeds, (2) 3 meters of pebble gravel in flat to gently dipping beds, (3) 3.2 meters of pebbly medium sand with
trough crossbeds, (4) 0.5 to 3.0 meters of pebble-cobble gravel
in well developed channels, (5) up to 1.0 meter of fine sand
with a well developed soil profile, and (6) 4.0 meters of
artificial fill made up of well bedded fine sand that probably
was deposited in a man-made settling pond similar to that now
found just to the south.
I believe that the lower 8.7 meters
is advance outwash formed in a proglacial braided stream. The
poorly sorted pebble-cobbl e gravel in channels and the fine sand
constitute stream-terrace deposits that were formed as alluvium
by the Mascoma River as it cut laterally to the north into a
scarp underlain by till. The channels represent flood events in
the Mascoma drainage basin while lateral cutting took place.
Proceed southwest up and out of pit
3.2

Turn right on tar road, proceed north out of pit

3.8

CAUTION. Turn left (west) on US Route 4 and turn left
(south) on NH Rt 12A

4.8

Turn west on I-89 North at Interchange 20

5.3

Cross Connecticut River and enter Vermont

5.6

po-NOT EXIT ON I-91 , CONTINUE WEST ON I-89

6.6

Projected shoreline of Lake Hitchcock passes through the
site of the V.A. Hospital at the right
·

8.8.

Turn right from I-89 at Exit 1

9.1

Turn left (west)

11.9

Surface of Quechee delta

on US Route 4
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12 . 3

Red Pines Restaurant on riqht was the site of an e xcav at ion where the topset/bottomset contact was exposed in
1982

12. 4

Turn right and drive behind Restaurant-Dana ' s at the Gorge

STOP 3. QUECHEE ICE-CONTACT DELTA.
The topset/bottomset contact of the delta was measured to
be 194.4 meters (638 ft) ASL. Pebbly coarse sand is exposed at
the surface and very fine sand and silt are found draping t~e
bedrock knobs.
The projected level of Lake Hitchcock at this
site is about 197.5 meters (648 ft) ASL.
Because there are no
deltaic foreset beds exposed below the pebbly coarse sand, it is
presumed that they were removed by at least 3.1 meters (10.2 ft)
of erosion at this site.
Quechee gorqe resulted from the superposition of the Ottauquechee River which was located on the west side of the delta
when Lake Hitchcock drained. The preglacial course of the river
is at the east end of the delta.
Proceed west on US Route 4 across the Quechee Gorge bridqe
13.3

Turn left (south) on Quechee Road at blinking light

13.6

Channel on riqht (now occupied by man-made pond) leads to
saddle between two hills; melt-water that fed the ice-contact delta at Stop 4 passed through this saddle to the
southeast

13 . 9

The bank between the pond on the left and the road marks
the ice-margin position when the ice-contact delta was
beinq built

14 . 1

Turn left (east) into pit road, park next to gate

STOP 4. ROBERT SEERY PIT.
Note the pebble-cobble qravel at the top of the north face
of the pit. The section at the south face from the bottom up
consists of 2 meters of light brown fine sand covered by 2 ·
meters of pebbly coarse sand and pebble gravel in trough crossbeds. Fine sand with pebbles, about 0.3 of a meter thick, caps
the gravel and is interpreted to be eolian in orgin. The contact
between the gravel and the underlying fine sand is thought to
approximate the topset/foreset contact and was measured to be
197.5 meters (648 ft) ASL.
Retrace route north to US Route 4
14.9

Turn right (east) on US Route 4 at blinking light

15.6

Pass over Quechee gorge
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18 . 9

T u r n rig ht , enter Interstate I- 8 9 Nort h a t Exit 1

24. 0

Sharon Rest Area

28.8

T urn right, leave I-89 Nort h at Ex it 2

29. 1

Turn left at end of ramp

29 . 3

Turn right on Rou te 1 4 i n Sharon , procee d west

30. 3

Pass under I - 89 bridg e over the White River

31. 0

Thick varves of Lake Hi tchcock exposed on right

3 1.7

CAUTION, TURN LEFT ACROS S TRAFFIC, PARK IN REST AREA

STOP 5

SHARON ESKER
The face is ori e nt e d nor thwest-southeast and is about 240
meters long a nd up t o 35 meters high.
A section was measured 88
meters northwe st of th e culvert in the v-shaped notch and had 3
units. At bot tom un i t h ad 20.6 meters of interbedded pebblecobble gr a vel , p e bb le gr avel, and coarse sand. Open-work structure in the gr a ve ls a nd dune crossbedding dipping to the southeast are canm on . The env ironment of deposition for the lower
unit was a hig h ener g y stream in a subglacial tunnel. The second
unit is 9.8 meters thic k and consists of varves up to 50 centimete rs thi c k that represent bottom deposits of Lake Hitchcock.
The third u ni t , e xposed at the top, is 2.2 meters thick and is
made up of s t ream- t errace deposits.
Most of the varves dip 30
to 40 degr ee s to the northeast indicating they were deposited on
or adj a c e n t to ice that later melted.
Pr ocee d nort hwest on Route 14
34.6

Vi llage of South Royalton

35.4

Excellent exposure of graded beds in the Gile Mountain
Formation (Devonian) at river level

36.1

Narrow railroad underpass

36.6

Village of Royalton

3 7 .4

Narrow railroad underpass

38.1

Turn left (west) on Route 107

38. 7

Turn right, enter I-89 North at Exit 3

47 . 3

Turn right fran I-89 at Exit 4, turn left (west) on
Route 66
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50 . 3

Proceed straight at blinking red lights, Rou te 66 ends,
join Route 12

50.4

At junction leave Route 12 and proceed straight on Route
12A west and northwe st up the valley of the Third Branch
of the White River

53.5

Turn right on dir t road and immediately turn right again
on road to pit

STOP 6

PIT IN LOWER BRANCH DELTA
The topset/f oreset contact seen at the north end of t .his
pit has only recently been exposed. The topset beds are 1.1
meters thick and are composed of poorly sorted pebble-cobble
gravel. The foreset beds are at least 2.4 meters thick and are
composed of clean pebble gravel and pebbly coarse sand with
open-work structure being common. The f oreset beds dip toward
N55°E indicating that they were deposited by melt-water streams
flowing from a stagnant tongue of ice in the Third Branch valley
to the west. The topset/f oreset contact has been trimmed indicating that some erosion of the foresets has taken place. The
topset beds are poorly sorted in contrast to the fore sets and
were derived by a stream flowing from north to south down over
the delta surf ace. The elevation of the topset/f oreset contact
was measured to be 228.3 meters (749.0 feet) ASL.
Retrace route to Randolph
53.8

Turn left on Route 12A

56.8

Turn right (south) on Route 12

57.2

Railroad tracks in center of Randolph, proceed south and
rise up onto surface of Randolph ice-contact delta

57.7

Pull U-turn in vicinity of Gifford Memorial Hospital and
park on east side of Route 12

STOP 7

RANDOLPH ICE-CONTACT DELTA
The surface elevation is about 228.7 meters (750 feet)
ASL at the intersection of Route 12 and Highland Avenue. The
surf ace slopes to the southeast and is underlain by pebbly sand.
A similar surface lies 0.8 of a mile to the north.
I interpret
the landf orm to be an ice-contact delta that was formed in Lake
Hitchcock by meltwater issuing from a stagnant tongue of ice the
margin of which was located just west of the village of Randolph.
Proceed north on Route 12
58.5

Bear right on Route 12

58.6

Blinking red lights, turn right onto Route 66
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61. 3

Proceed eas t

ove r I - 8 9

62.0

Tu rn s har p left (north) in Randolph Center

62.6

Turn rig ht , follow Route 66 to East Randolph

66.2

J unction with Route 14, turn left (north) in center of
East Randolph

66.6

P it starts on left, possible camera stop, geology is
similar to that at Stop 5 with Lake Hitchcock bottom
deposits overlying esker gravels

66.9

P it ends on left

67.9

Pit on left with collapse structures

6 8.9

Road follows remnant of southernmost gravel bar

70 .6

Turn left into pit 0.1 mile north of large brick house on
left

STOP 8

WHEATLEY PIT IN GRAVEL BAR
Pebble gravel with cobbles in flat beds was formed in the
u pper-flow regime.
The topography has been modified by man but
inspection of aerial photographs of this area shows elongated
landforms that are interpreted to be longitudinal bars formed by
the outlet stream from Lake Winooski after Lake Hitchcock
d rained.
This locality is 25.6 meters (84 feet) below the minimum projected water plane of Lake Hitchcock.
70.9

Turn left Route 14, proceed north

7 1. 3

Landform on west side of valley is interpreted to be. an
ice-contact delta built directly into Lake Hitchcock at
an approximate elevation of 230 meters (754) feet ASL.

72.0

The house and barn west of Route 14 at the cemetery are
located on a streamlined landf orm interpreted to be a
longitudinal bar formed by the outlet stream from Lake
Winooski after Lake Hitchcock drained

72.4

Village of East Brookfield

72.8

Route 65 on left

73.5

Note streamlined appearance of plowed field on right

74.4

Red house on right is on a post-Lake Hitchcock fan
formed by the dissection of an ice-contact delta that
was graded to Lake Hitchcock

75.2

Enter Williamstown Gulf, a V-shaped valley that probably
was occupied by an outlet stream draining the Winooski
51

A-3

Ri ve r basin du ri ng e ac h advance and retreat of se veral
ice sheets
76 . 5

House on left marks approximate spot where Lake Hitchcoc k
projection intersects the topography

77 . 0

CAUTION, TURN LEFT ACROSS TRAFFIC, ENTER DIRT ROAD. The
road follows the margin of the outlet channel from Lake
Winooski

78 . 0

Park on right near junction with Route 14

THRESHOLD OF GLACIAL LAKE WINOOSKI
The area behind the white house east of Route 14 represents the drainage divide between the Winooski River and the
Connecticut River drainage basins. This locality represents the
lowest spot on the margin of the Winooski drainage basin east of
the Green Mountains. As long as the ice sheet blocked the
Winooski River from draining to the west this threshold was occupied by an outlet stream draining to the south by way of the
valley of the Third Branch of the White River.
The elevation is
about 279 meters (915 feet) ASL.
STOP 9

Turn 1eft (north) on Route 14 to proceed to Williamstown
( 2. 5 miles).
From Williamstown: Barre is 6 miles north
on Route 14 and Exit 5 of I-89 is 4 miles west on Route
65
Turn right on Route 14 for points south
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FACIES RELATIONSHIPS WITHI N THE GLENS FALL S LIMESTONE
OF VERMONT AND NEW YORK
Dav id A. Maclean
Con-Test Inc.
Box 591
East Longmeadow, Massachusetts 01028
INTRODUCTION

The Trenton Group in the northeastern United States represents one
of t he most thoroughly studied rock units in the world. However, the
most northeasterly equivalent of the Trenton Group, the Glens Falls
Limestone, has only received cursory attention in previous works that
include Kay (1937, 1953), Erwin (1957), Welby (1961), and Fisher (1968).
This is unfortunate since the Glens Falls Limestone provides a valuable
link between more thoroughly studied Trenton Group sections of central
New York and Quebec. Furthermore, this formation is located within
30 km (along depositional strike) of the Taconic orogenic events. With
these thoughts in mind, this field trip has two purposes: first and
foremost, the major lithogies of the Glens Falls Limestone will be described and placed into a facies model; secondly, the tectonic significance of the facies distribution will be discussed. These two goals will
now be clarified.
The Glens Falls Limestone contains alternating limestone and shale
beds which record the initiation of a large transgressive sequence
noted in Middle Ordovician sections throughout the Appalachian Mountains.
These limestone/shale cycles record shelf sedimentation in an elongate,
r apidly subsiding, foreland basin bounded by the Adirondack basement
to the west and an island arc with impinging thrust nappes to the east.
Temporally, these lithologies represent an important transition from
quiescent, shelf sedimentation recorded as massive Black River Limestone
to calcareous and non-calcareous shales of the Utica and related shales
which are generally interpreted as flysch deposits (Rowley and Kidd,
1981; Teetsel, 1984). These flysch sediments represent deep water
deposits associated with increased subsidence near the eastwardly
dipping subduction zone.
Within the Glens Falls Limestone, two members have traditionally
been differentiated: the lower, massive Larrabee and the upper, shalier
Shoreham. These members were defined by Kay (1937) and were primarily
ba sed on correlations to quarries in Larrabee and Shoreham, Vermont.
The presence of the trilobite Cryptolithus served as the primary criteria
for r ecognizing the upper Shoreham Member. More recent compilations by
Fisher, (1977) have rejected the Shoreham Member since it defines a
biostratigraphic zone and is misleading in defining lithologic boundaries.
Fisher reclassified this upper shaley member as the Montreal Member on
the basis of similarity to the Montreal Formation in southeastern
Quebec. These lithologies are overlain by the Cumberland Head Argillite,
a massive argillaceous unit with interbedded shale.
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Figure l. Time stratigraphy of the Middle Ordovician in the northeast.
References listed are as follows: l. Fisher, 1977., 2. Riva, 1974.,
3. Sweet and Bergstrom, 1971., 4. Mehrtens, 1978., 5. Teetsel, 1984.,
6. Fisher, 1968., 7. Brett and Brookfield, 1984., 8. Schopf, 1966.,
9. Berg and others, 1980., 10. Maclachlan, 1967., 11. Rupple and Walker,
1984., 12. Klappa and others, 1980., 13. Harland and others, 1983.,
14. Belt and others, 1979.
Until recently, the lithologic units within the Glens Falls as
well as other Trenton Group lithologies were thought to be laterally
continuous and isochronous throughout the northeast. Largely through
the work of Marshall Kay (1937, 1953) this supposed stratigraphic uniformity allowed the Trenton Group of become the standard stratigraphic
section for the Middle Ordovician in North America. However, recentdetailed
studies by Cisne and Rabe (1978) and Cisne et al. (1982) have shown
that the Trenton Group in the northeast contains localized and laterally
discontinuous facies producing a rather complicated stratigraphy. Cisne
et al. (1982) suggest that vertically abbreviated stratigraphic sections
developed on downthrown fault blocks which were syndepositio·nally
active. These block faults may be related to plate flexture associated
with compression along the subducted slab in a manner suggested by
Chappel (1973). During the closure of ocean basins, this flexture
will pass under shelf deposits producing syndepositional block faults
(Cohen, 1982). Cisne et al. (1982) note that a similar plate flexture
and associated block faulting is currently occurring in the Sahul Shelf
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and the Timo r Troug h, North of Au stralia . Th es e block f aul ts are the
dom i nan t control on the vertica l di str ibu ti on of sediments wi t hin thi s
act ive subduction zone (Veevers et al . 1978).
Similar abbreviated ver ti cal sequ ence s and l ate rally discontinuous
f aci es relationships can be documente d in the Champl ain Valley. Criteri a
useful for recognizing synde po s itional block faults were developed by
Cisne et al. (1982) and were summari zed by Mehrtens (in press) including:
l. numerous unconformi ties wi thin the sequence, 2. attenuated and compressed stratigraphic sequences , 3. major facies changes over short
distances and 4. apparent anoma l ou s juxtapositions of shallow and deep
wa t er sed i ments.
During this field tr i p, five str atigraphic sections will be analyzed
and tested for these f eatures. Time control is provided the first appearance of Cryptolithus an d by t he trepostome bryozoan Prasopora. Both
Cryptolithus and Pras opora make their appearance in a wide variety of
litholo gi es , sugge sti ng that th eir first appearance is not facies controlled. Bathymetric con trol i s obviously very important if shallow
and deep water facies are t o be differentiated. Bathymetry for each
facies is determined by t hree methods : l. recognition of bathymetric
i ndicators used by Shanmug am and Walker (1978) and Benedict and Walker
(1978) including algae, wave structures, graptolites, pyrite among other
depth sen s itive sedimentologi c, biologic and chemical features, 2. recognition of trace fo ss il trend s dev eloped by Seilacher (1967, 1978) and
3. recognition of storm deposit/turbidite successions used by Kriesa .
(1981), Aigner (1982), an d Handford (1985). Details and conclusions
derived from these meth od s will be discussed for each outcrop.
OUTCROP LOCALITIES
The fi eld tri p is roughly divided
st ops wi ll co nce ntrat e on the northern
concentrate on th e so uth ern sections.
that th e nor the rn sequence is complete
sequ ence i s abb r eviated and punctuated
l.

into two parts. The first three
sections and the last two stops will
The general trend to remember is
and gradational while the southern
by rapid facies changes.

NO RT HER N SEQUE NCE

The northern sequence of the Glens Falls Formation is best exposed
along the western shore of Grand Isle and in the Plattsburg area. This
sequence records the gradual transgression and deepening of the foreland
basi n rep r esented by a gradual succession from proximal grainstone facies,
her e te rmed facies A, to distal mudstone facies, here termed facies E.
Stop One:
A.

McBride Bay

Bl ack River/Trenton Contact

The field trip begins on the Black River/Trenton Contact at the base of
t he McBride Bay section. The Black River Limestone is made up of massive
oncolitic grainstone occasionally showing crossbedding. The transition
to the thinner bedded Glens Falls Formation is sharp and, although no iron
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minera l iz ation ha s taken pl ace on t hi s su rface , the abundant undercut
surfaces and abru pt l ithologi c change suggests t he presence of an unconformity. Abo ve t hi s co ntact, a unique, three meter, shallowing
upward sequence grades f rom thin, nodular micritic mudstones and wackestones with occa si onal whole fossil grainstone lenses ··to more massive,
algal rich grain sto ne. Th i s interval is important for regional correlation s i nce i t compare s well in scale, timing and lithology with the
Selby Limes tone of central New York described by Cameron and Mangion
( 1977 ).
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Figure 3. Measu r ed stratigraphy immediately above the Black River/Glens
Falls contact. The 0 locates the contact.
B.

Grainstone - Facies A

Facies A begins above the massive, algal rich grainstone of the Selby1i ke transition interval located on the northern shore of McBride Bay.
Li thologies: Facies A consists of fine-grained pelbiosparite and pelbiomicrite grainstone, pelonkobiosparite grainstone and thin shale partings.
Onkoids occur as algally coated triolobite and brachiopod fragments varying in size from 2mm to 2cm in diameter. Peloids occur as much smaller,
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rounded, algal grains ranging from one to three phi in diameter with no
encrusting bioclasts visible. Sub-rounded to angular mud clasts with
diameters varying between 3mm and lcm are present, but rare. Equant,
fresh water cements are most common but rims of early, marine phreatic
cements are seen in shelters of larger bioclasts.
Bedding Style: Bedding thickness ranges from 3cms to 6cms with thin
shale partings less than lcm thick punctuating bed contacts. Bedding
is generally continuous but extremely wavey with abundant pinch and
swell structures. Bedding planes are commonly scalloped, displaying
sharp microtopography with relief locally up to 3cm in places.
Sedimentary Structures: Peloids and bioclasts of facies A are rounded
and sorted, commonly displaying small scale cross lamination with wave
amplitudes up to 4cm. Scours are especially common and bioclasts and
onkoids are commonly bevelled at bed tops.
Biota: A typical, open shelf fauna is indicated by conspicuous amounts
of brachiopods, gastropods and trilobites. Bryozoans and crinoids are
rare. Larger onkoids appear to be constructed of the algae Spongiostroma
and the smaller onkoids and peloids are constructed of the algae
Girvanella. Solenopora is present but in much smaller quantities than
other algae. Trace fossils are dominantly epifaunal including Helminthropsis Cruziana and Chondrites ~· Boundaries between these traces
and the surrounding sediment are generally sharp, occasionally noted
by a change in sediment color.
Interpretations: These lithologies record moderately high energy,
shallow water environments well within the photic zone and above normal
wave base. The widespread algal growth in this facies substantiates
depths in the photic zone and the wavey bedding style and sorted, abraded
bioclasts and peloids suggests active wave reworking by currents or
waves.
The thin grainstones were deposited during periods of high energy possibly
related to storms. Hine et al. (1981) noted that movement of sand on
the Bahamas platform requires storm energy to disrupt sediment binders
and initiate particle movement.
During periods of low energy, thin shale rinds were deposited as the
ambient sediment. Scalloped bedding planes were produced during these
breaks in carbonate deposition with early marine cementation formin~
firmgrounds and hardgrounds.
C.

Grainstone/Wackestone - Facies B

Lithologies: Facies B consists of skeletal biospararite grainstones
and fine-grained grainstones surrounding horizons of nodular wackestones.
Nodular lithologies consist of fine grained biosparite grainstone
(calcisiltite) to biomicrite mudstone (average grain size less than three
phi) and biomicrite wackestone. Bioclasts ma~e up 10 percent of this
nodular lithology, usually consisting of whole fossil debris. Matrix
material consists of fine-grained bioclastic silt or micri~e.
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Figure 4. Lithologies and bedding style along the Facies A/Facies B
transition: McBride Bay.
Grainstone horizons punctuate the nodular beds every 0.5 to 1.5
meters. These grainstones vary in thickness from around 7cms to
12cms . An idealized grainstone consists of a poorly washed, whole
fo ssil lag base abruptly overlain by a laminated, finely ground grainstone. More commonly, either the basal lag or the laminated grainstone
is absent. Rounded intraclasts are usually associated with the lags.
The overlying biosparite grainstones are dominantly composed of abraded
biocla sts and algal peloids averaging three phi in diameter. Scours
are never seen separating the basal lag from th~ overlying laminated
grainstone, suggesting that they were deposited as a coherent unit.
Shale partings with an average thickness of 2cm are seen separating
most beds.
Bedding Style: Nodular beds are generally discontinuous over a distance
of 20cms occurring as a disrupted layer lOcms thick. In some cases, no
bedding can be defined with the nodular beds chaotically occurring
throughout a 20cm to 30cm thick package.
Compared with the nodular beds, grainstone beds are relatively continuous and well defined in outcrop. However, thickness within one
bed varies dramatically, showing well defined pinch and swell structures
and possible rippled surfaces. Basal lags are discontinuous over a few
meters with some intraclastic rich lags defining shallow scours. Bedding
surfaces can be either scalloped with abrupt microtopography or smooth
and undulatory.
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Sedimentary Structures : Nodular beds lack interpretable sedimentary
structures. The nodules appear to be generally mottled and homogen~zed
by bioturbation.
Grainstone commonly exhibit gradual distribution grading but exceedingly abrupt size grading. The lags are frequently ungraded with respect
to allochem size but show a slight increase in mud percentage in upper
laminae. Shells are dominantly oriented concave down in hydraulically
stable position protecting muddy patches and displaying abundant shelter
porosity.
Overlying finely-ground grainstones contain abundant parallel
laminations of alternating dark silty and lighter bioclastic laminae
varying from 5mm to 0.5mm in thickness. At the base of a laminated
grainstone unit, the bioclastic laminae are thick and are separated
by thin silty laminae. These bioclastic units become thicker and more
frequent towards the top of a laminated unit. Irregularities such as
low angle truncations are frequently seen. Transitions from lower plane
laminae to upper hummocky laminae are also displayed. Hummocky laminae
tend to parallel concave down truncation surfaces.
Biota: Nodular limestones appear intimately associated with the trilobite
Isotellus, with large, complete specimens exposed at the margins of
nodules. Gastropods and brachiopods are common and cepalopods are
occasionally found. Bryozoan biostromes are sometimes seen in the shaley
intervals separating beds. Grainstones contain much the same fauna
as the nodular beds. Small peloids of the algae Grivanella between two
and three phi are common. Whole fossil gastropods and large Isotellus
fragments are common. Shell lags contain dominantly disarticulated, ·
whole fossil brachiopod valves and large gastropod and trilobite fragments.
Ichnofauna assemblages are generally identical to facies A. Cruziana,
Helminthropsis, Chondrites ~and to a lesser extent, Chondrites ~are
noted as well defined, sharp traces on bedding planes of grainstone beds.
Evidence of infaunal deposit feeding is rare. Traces in the nodular
limestones are difficult to identify since these beds are mottled and
generally homogenized. Cruziana, however, appears quite commonly.
Interpretations: Abundant algal peloids and whole fossil gastropods
suggest that these lithologies were deposited within the photic zone
(Benedict and Walker, 1978).
Grainstone lags and overlying laminated grainstone represent event
deposits separating periods of ambient carbonate mud sedimentation
represented by the nodular wackestones.
Trace fossils found in this facies comprise a shallow water assemblage
based roughly on the work of Seilacher (1967, 1978) and Pickerall and
Forbes (1979). These traces are produced as habitation burrows and
locomotion burrows as opposed to deposit feeding burrows.
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Nodular beds are produced by a combination of bioturbation and
differential compaction. Original carbonate muds were winnowed from
facies A and deposited in a low energy environment and were subsequently
churned by large, trowel shaped Isotelid trilobit~s. A small amount of
early cementation sufficiently adhered micrite particles together so
that the nodules remained intact rather than becoming fluidized sediment. Differential compaction due to loading of overlying sediments
further enhanced 'the production of nodular bedding. A similar scenario
has been suggested for the development of nodules in subtidal Holocene
sediments in the Bahamas by Mullins et al., (1980).
Whole fossil lags and overlying laminated grainstones (sandy
couplets) represent proximal, storm winnowed tempestites. Passage of
large wavelength waves during storms disrupted the sediments and
entrained shells, sand and mud into suspension. Shells settled out
first forming the lags while sand and silt were deposited as the storm
waned. Protected mud patches indicate that storm flushing and entrainment of shelly material was often incomplete and suggests generally
l!! situ development (Kriesa, 1982; Aigner, 1982).
Laminated portions of the grainstones represent reworking and
redeposition of fine-grained material during the waning flow of a storm
event. Infiltration structures, fine sand and silt passing down into
the flushed lag, are commonly produced during this time. The sequence
of thinning bioclastic laminae is strikingly similar to the graded
rhythmi tes noted in cores of Holocene shallow shelf (less than 40 meters
of water) sediments by Reineck and Singh (1972). These authors suggest
that graded rhythmites form from the deposition of suspended fine
material during waning storm events. The presence of parallel lamination, low angle truncations and hummocky cross stratification further
substantiates the hypothesis that these deposits formed from suspension
clouds created during high energy storm events. The initial settlement
of suspended particles was followed by traction currents.which frequently
mobiliz ed these sediments and formed occasional ripples similar to those
found in the grainstones of facies.
Stop Two:

Rockwell Bay

This second stop exhibits
tionally been grouped into the
stone Facies E. Slightly more
will not be seen on this field
D.

muddier lithologies that have tradiMontreal Member and are here termed mudskeletal lithologies, termed Facies D,
trip.

Mu dstone Facies E.

Lithologies: Facies E consists of laminated biomicrite mudstones with
very thin shelly bases occasionally present. In some cases, the mudstones are subtly graded in grain size from fine bioclastic lime silt
to lime mud. Bioclastic grainstone bases are rare and are generally
thin (less than 2cm) consisting of coarsely fragmented fossil debris
with an occasional whole fossil bioclast (typically brachiopods or
trilobites).
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Figure 5. Lithologies and Bedding Style of Facies E exposed at
Rockwell Bay.

cm

bioturbated mud

laminated mud

Figure 6. Line diagram of an acetate peel taken from Rockwell Bay.
Note the concentrated bioturbation at the bed top and the_preserved
lamination at the base. These structures indicate rapid episodic
deposition.
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Bedding Style : Bedding is tab ular an d co nt inuou s with t he bed t hi ckness
varying little over an outcrop. Th e basal lags are genera lly discon t inuous over one to t hree meters.
Sedimentary Structures: These micrites appear structureless but upon
closer inspection, they reveal several interesting features. Both distribution and grain size grading are present. Laminae thicknesses
generally grade from greater than lmm to less than O.lmm at the bed
tops. This lamination scheme is generally continuous across one bed
but small, low angle truncations can be detected. Occasionally, these
laminae are highlighted by small amounts of euhedral, authigenic pyrite.
The laminae are generally irregular in thickness making tracing of
laminae difficult across the scale of a large thin section. These
irregularities are sometimes related to bioturbation but in other cases
the pinching and swelling is undoubtedly primary.
Lamination is rarely visible in the coarser bioclastic grainstone
bases, although subtle bands of sorted material are sometimes observable. Larger bioclasts are generally seen in hydrodynamically stable,
concave-down position. Escape burrows are occasionally seen extending
up from the muddy tops of lower beds into the coarser fraction of overlying beds.
Biota: Although shelly forms are common in facies E, a general decrease
in fossilized forms is seen in comparison to facies A and B. Bryozoans,
crinoids and brachiopods are most common along with the notable introduction of graptolites and the trilobite Triarthrus. Trace fossils are
restricted to infaunal forms with the trace fossil Teichichnus and
Chondrite s B overwhelmingly dominant. Traces seem to be restricted to
the uppermost few ems of the beds.
Interpretati ons: These beds represent storm generated turbidity
current deposits. These turbidites are base absent containing BOE
Bouma cycles (mudstones with thin shelly bases) and DE cycles (graded
laminated mudstones). The presence of escape burrows commonly associated
with these deposits suggests the deposition of these suspended muds was
rapid (Kri esa, 1981).
Storm generated turbidites were emplaced below storm wave base
in a low energy, low oxygen environment as indicated by graptolites,
the presence of the deep water trilobite Triarthrus and pyrite. The
predominance of trace fossils over relative shelly, in situ forms
suggests that nutrient rich currents were no longer available to filter
feeding organisms and the remaining life forms were detritus feeders.
Based on the works of Fursich (1975), Pickerill and Forbes (1979),
and Seilacher (1967, 1978), the deposit feeding burrows roughly comprise
a deep water assemblage.
Stop Three:

Lessor's Quarry

Although no true biohermal "buildups are visible in the Glens Falls
Formation, evidence of extensive biostromes and flanking bioclastic
deposits are visible here at Lessor's Quarry.
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E.

Bryozoan Facies F.

Lithologies:

Three litholog i es are assoc i ated wi th th e bryozoan f ac'i e s :

l. Bryozoan rich biomicrite wackestone, packestones and bafflestone containing large dendrils over 2cms long of the ramose bryozoans
Stictopora and Eridotrypa. Commonly these bryozoans are fragmented and
intermixed with an open shelf fauna. The fragmented bryozoans can make
up over 90 percent of the packestone. These packestones vary from one
to five ems in thickness and are laterally discontinuous over several
meters.
2. Discontinuous and thin, abraded grainstomes and packestones ·
varying from less than one cm to four ems in thickness. Bioclasts are
rounded and abraded to medium fine and fine sand size. These fine
skeletal beds are discontinuous over the scale of one meter.
3. Laminated and burrowed wackestones and mudstones composed
generally of very fine silt and mud forming weakly defined but laterally '
continuous beds.
Bedding Style: In contrast to the other facies, interbedded shales are
not found. Instead, the rock is massive and devoid of bedding plane
partings. Bases of bryozoan accumulations are sharp and sometimes
concave up, ~efining broad, thin lenses. Grainstones for much smaller,
sharply defined scours. Mudstone laminations are generally continuous
when not disrupted by abundant bioturbation.
Sedimentary Structures: The bryozoan bafflestones are structureless.
Matrix material is chaotic and lamination free. Fossil debris intermixed
within the bafflestones is dominantly whole fossil with no hydrodynamic
orientation or shelter cement.
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Figure 7. Bedding style of Facies F taken from the Lessor's Quarry
measured section.
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Biota : Thi s f acies contai ns possibly the widest divers i ty of fa una in
the Gl ens Falls Formation . Bryozoans are dominant but tril obite s ,
gas tropods an d brachiopods are also present. Not ab ly ab sent are crinoids ,
cep halopods and graptolites. Traces are abundant and di ver se incl uding
dom i nant l y infaunal forms, which may ref lect mo re of a pr eservatio nal
bias than an environmental characteristic. Bedd in g planes needed to
check for epifaunal trace develo pment are rarely exposed due t o the
massive nature of the bedding. El onga t e thin borings of Trypa nites are
commonly seen in large Prasopora co l on i es .
Inte r pretations: This facies acc umu lated a short distance from a large
bryozoan accumulation. Bryozoans acted primarily as sediment co ntr i bu tors (bryopackstones) and seconda r il y as sediment i nhibitors (bafflestones) (Cuffey, 1977). Currents tran sported material across bryozoanr ich biostromes and deposited muc h of the s keletal material in flanking
areas. Occasionally, rigid, ramose , bryozoans grew up from shelly
pavements to produce minor, laterall y discontinuous biostromes. Organic
and skeletal material was produce d in abundance in these biostromes
and depositional rates in areas fringing larger biostromal masses must
have been fairly high and consta nt . The fairly constant accumulation
of skeletal matter precluded t he accumulation of shale interbeds .
These bryozoan accumula tions accumulated at moderate depths between
normal and storm wave bas e . Algae are rare suggesting depths below the
photic zone. Pickerill et al. (1984) suggests that the Trypanites
borings were occupied by filter feeding organisms suggesting that
waters were we l l circula t ed and oxygenated. Strong currents commonly
swept the se areas prod ucing the abundant scouring and channeling.
Laminated mud overlie s t he se lithologies, possibly representing periods
of slightly lower energy, open sheld sedimentation .
F.

Northern Sequence :

Conclu s i ons

Based on th e addition of imcomple t e sections and their stratigraphic pos ition rela t ive t o Prasopo r a and Cryptolithus time lines,
the northern section s of the Glens Falls Formation reaches a thickness
of at l east 90 mete r s .
Th e bathymet r i c i ndicators , trace fossil succession and storm/
turbidite successi on al l show a gradual replacement of shallow water
cha racteris ti cs by deep water characteristics. This is further corroberat ed by the decrease i n shelly bed thickness and frequency with increased height in the sequence. In conclusion, the features of the
nor t hern sequence suggest deposition of a slowly subsiding ramp with
cycl i si ty of facies occurring in the shallower water facies.
2.

Souther n Sequence

The southern sequence, exposed along a narrow band paralleling Lake
Champ l ain from Charlotte to Bridport,. Vermont, is much thinner in
comparison reaching only 50 meters. Facies transitions are more abrupt
rel ative to the northern sequence with several facies omitted from the
succession suggesting more rapid subsidence in this area.
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Figure 8. Bathymetric trends within the Northern Sequence. A gradual
succession of bathymetric indicators suggests a gradual deepening within
the sequence.
Locality Four:

Charlotte

Here at Charlotte some differences in the regional stratigraphy
become apparent. The Black River Formation, consisting of light grey
massive, structureless micrite is exposed on the small peninsula to
the west of the Glen Falls section. "Facies A and B still show up here
but their vertical extent is limited and no cycliiity is noted. Facies
A is exposed as a small weathered bench of massive limestone on the
southern end of the outcrop. The laterally cbntinuous, finely ground
grainstones separating nodular intervals typical of facies B can be seen
above this bench. These beds are similar to facies B with·the exception
that these beds contain more micrite and their upper surfaces are more
undulatory suggesting more wave reworking. With increased height in
the section, argillaceous c-0ntent sharply increases and an argillaceous
facies, facies G, is introduced.
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A.

Facies G, Argillaceo us Facie s

Lithologies: Facies G con sists of argi ll ace ou s mud stones and wacke stones varying fro m 10 t o 20 ems wi th thick sha l e interbeds. Insoluable
content in these wacke stone i s high ranging from 10 to 24 percent relative to the other fa cies with insoluable contents averaging around
6 to 8 percent.
Bedding Style: Beds are massive and generally tabular.
lensing of beds is common but basal scours are absent.

Occasional

Sedimentary Structures: Subtle changes in grain size produce a laminated texture vi sible in some weathered beds. These laminations are
generally parall el and regular, showing thickening and thinning in bed
thickness. Un like the mudstones of facies E seen at Rockwell Bay,
the se laminati ons show no rhythm or grading. Occasionally, pyrite will
highlight th ese laminations. Often bioturbation will completely obliterate th ese lam i nat ions, homogenizing and mottling the micrite.

SYMBOLS

--~"' Whole fossil debris
:::.:·_:';/ _ Abraded lossi I debris
• • ••

Int rac lasts
Argillaceous horizon
Orthocone cephalopod
Prasopora
Stictopora & Eridotrypa
Bryozoan accumulations

:::;:..;:;::

M W

Cross bedding

P FG G

Fi gure 9. Beddin g sty l e and lithologies of facies G - argillaceous
f acies (ta ken from Westport, New York section not on this field trip).
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Biota: Biota are generally scarce . Occasionally , bryozoans will be
found in conjunction with this facies and laminae of abraded shells
may be associated with the more calcareous beds. The · interbedded
shales are frequently more fossiliferous containing abundant bryozoans
and other abraded bioclasts .
Interpretations: These argillaceous beds represent an increase in
pelagic to hemipelagic sedimentation separating storm generated, fine
grained turbidites. As noted by Hesse (1975) turbiditic deposits are
bioturbated at bed tops while pelagic beds are either unburrowed or
wholly burrowed throughout. No grading or recolonization extends down
from the upper surfaces suggesting that deposition was continuous and
not episodic. Apparently, these beds originated as a sudden influx ·
of terrigenous material into the basin.
This facies becomes more distinct in southern sections as we will
see in the next stop.
Locality Five:

Button Bay

In this last outcrop, the only known complete section of the Glens
Falls Limestone is exposed stretching from massive micrite of the Black
River Formation to the argillite and shale of the Cumberland Head
Argillite. Like the northern sequence and the Charlotte section, the
Black River/Glens Falls contact is sharp possibly representing a minor
disconformity. Undercut surfaces are rare suggesting that hardground
development is minimal. The shallowing up interval associated with the
contact in the northern sequence is not exposed and facies A is poorly
developed. Oncolites and abraded algal grains are not present in either
the Charlotte or the Button Bay sections.
In comparison to the gradual increase in mudstone percentage noted
in the northern sequence, the lithologies of the southern sequence
remain more or less constant. The repetitious pattern of finely ground
grainstones punctuating sequences of nodular micrites and wackestones
is no longer seen. Instead, the great majority of the Glens Falls
Limestone in the southern sequence consists of muddy couplets with
localized bryozoan mats here termed facies C.
B.

Facies C

Lithologies: Facies C consists of three lithologies: 1) thin, fine
grained and whole fossil grainstones ·overlain by 2) sparsely fossiliferous
biomicrite wackestone, bryozoan packestone and mudstones and 3) thin
interbedded shale. Whole fossil and finely ground fossiliferous bases
are thinner than the grainstone lags of facies B, ranging from 2cms
to 4cms in thickness and are laterally discontinuous over several meters.
Laminated. wackestones and mudstones frequently lack the thin grainstone
bases seen in facies B. Bryozoan beds occur as discrete units between
the grainstone/mudstone couplets and less fossil~ferous mudstones.
Occasionally the tops of a grainstone/mudston~ couplet will be colonized
by bryozoans.

68

A-4

Bedding Style: Beds are lateral ly cont i nuous but pinching and swelling
of beds is common. Hummocks occur as beds with planner bases and concave
down tops. Fine - grained shell deb r is frequently fills troughs and
swells at the ba ses of beds. The bryozoan beds also show similar pinch
and swell structures. Bedd i ng planes are even and swalely as opposed
to the scalloped bedding pl anes associated with the facies A and B.
Sedimentary Structur es : Parallel lamination is visible in the grainstones bases a~ sligh t va r i ations in bioclast grain size. Size grading
is abrupt between shel l material and laminated mud. As in the case
with the grainstone s of facies B, distribution grading appears gradual
with mud content prog r essively increasing upwards. Bryozoan packestones
appear to have little in ter nal stratification and bryozoan branches
appear to float i n a li me mud matrix.
Biota: Important f auna l characteristics include a decrease in algal
peloids and an in cr ease in bryozoan content. Brachiopods and gastropods
are still abundan t but cephalopods are more rare. Stictopora and
Eridotrypa appear t o be the most common bryozoans in the muddy packestones .
Epifaunal traces , especially Chondrites A, appear less dominant in
this facies. In f au na l traces such as Chondrites B appear much more
commonly, fr equ ently burrowing the upper parts of-grainstone/mudstone
couplets. Helminthropsis frequently appears on bedding planes but trace
walls are not iceably less distinct.
Interpre t ati ons : The limestones of facies C record deposition in
slightly dee per wate r than facies A and Bas suggested by rarer algal
peloids. Also , the predominantly finely-grained grainstones of facies
A and B have bee n rep l aced by muddier lithologies. This fining-upward
trend is t o be expected in tra~sgressive sequences with deeper water
environments becoming pr ogressively more mud-rich (Aigner, 1982). Of
cour se , basi nward sediment transport, local facies relations and availabl e sed iment s i zes ca n greatly modify this trend.
Grain ston e/mudstone couplets represent slightly more distal storm
depos i ts whe n compared to the proximal storm deposits of facies B. The
abraded and sorted bioclastic bases are formed by dominantly traction
currents r elated to storm surge ebb flow. The overlying mud, deposited
durin g wani ng flow conditions, suggests that the lags were emplaced in
a qui et, deeper water setting than facies B.
Wave action still played a major role by shaping beds into the
hummocks and pinch and swell features that characterize this facies.
Bryozoans periodically inhabited sea floor forming patchy, brozoan
mats . These mats appeared as sediment baffles and localized biostromes.
Studi es on recent bryozoans suggests that their distribution on the
sea floor is dominantly controlled by sedimentation rates with maximum
growth occurring in areas of little siltation (Lagaaji and Gautier,
1965). Therefore, these bryozoan beds represent subtidal deposition
r elatively removed from the shoreline and elastic sources.
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Figure 10. Bedding style and lithologies of facies C. taken from the
measured section of Button Bay.
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Figure 11. Bathmetric trends within the southern sequence exposed
in the Button Bay Section.
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Argi l laceou s mi crite s of facies G punctuate t he l ithol ogies in
facie s C and thes e argillaceous to ngues ca n be t ra ced north to Cha rl otte
and so uth to Westport, New York.
The contact between the Gl ens Fa ll s Li mestone is noticeably sharp
with muddy couplets in facies C passi ng i nto thick ar gillite and shale
i nterbeds. No evidence of the deeper water carbonate turbidites of
Ro ckwell Bay are seen.
Southe r n Sequence:

Conclusions

The abbreviated nature of the Gle ns Falls Formation may represent
de position of a rapid ly subsi din g fa ult block. Cisne et al. (1982)
note that abbreviated sections i n t he Trenton Group from the central
New York area may represent depos i t ion on a down thrown fault block,
with nodular and wavy l i tholog i es rapidly overlain by Utica Shale. A
sim i lar mechanism may be contro l l ing the abbreviated distribution of
l ithologies noted in the so ut he r n sequence of the Glens Falls Formation.
Basin evolution is envisio ned t o involve the following steps.
Sometime after the passing of t he per ipheral bulge and deposition of
the Black River Group, the Champla in Valley began to rapidly subside.
This is recorded as the sharp t ra nsition from massively bedded, shoal
water limestone to inter bedde d, open shelf limestone with thin shale
interbeds. Rapid downfaul t in g in the southern Champlain Valley caused
muddy couplets representing storm surge triggered turbidites to accumulate rapidly. Less ra pi d subsidence in the north allowed the develop-·
ment of shelf cycle s se en at the McBride Bay section. As the rapid
subsidence continue d in the south, the thin Glens Falls sequence was
overlain by a thick se di men t ary pile of shale. The northern sequence
accumulated a more comple t e sequence of proximal storm deposits to
distal s t orm surge turb i dites overlain by a thick Cumberland Head
Argillite sequence . Eventually, flysch deposits of the Stoney Point
and Ibervi lle fi ll ed th e ent ire basin and molasse sedimentation began.
Revi sed Strat i grap hy
The fa cies descript i on s of Chapter Two, the Time-Space diagram
and th ese concl usions suggest that a re-evaluation of the Champlain
Val ley str atigrap hy is necessary. It is -possible that facies were
l ate r ally disconti nuous in contrast to the extreme lateral continuity
of Tren to n fac i es suggested by Kay (1937, 1953). The use of the
Montreal and Larrabee member names are still recommended although lithol og i c r evisions are noted in these members. Primarily, the Larrabee
en compasses facies C in the south while to the north, the Larrabee
encompasses facies B which is litnologically similar to the Deschambault
as described by Parker (1986). The Montreal Member includes tabular
f acies which appear lithologically similar to the Montreal Formation
and the overlying Tetreauville Formation. The shallowing up interval
at the base of the McBride Bay section is lithologically similar to
t he Selby Formation on the basis of Cameron and Mangion's 1977 description, and like the Montreal Member, the presence of the Selby
Formation is restricted to the northern part of the basin.
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Thickness data suggest that the Glens Fa lls and the overlying
Cumberla nd Head Formation pinch out to the south . This facies relation ship is poor ly constrained in time and extensive graptolite work along
the Cumberland Head/Glens Falls formational boundary could produce
some interesting resu lts. The southern pinch out, most likely produced by deposition on a subsiding fault block, coincides well with
the facies relationships of the overlying shales suggested by Fisher
(1977) and Teetsel (1984). With the conclusions of these works
coupled with information compiled in this study, a more realistic
picture of deposition in a tectonically active basin is beginning to
unfold.
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ITINERARY
0.0

Assembly po int is at the Allen Apple Barn in the town of
South He r o on Route 2.

0. 5

Turn left onto Station Road.

0.7

Bear left at the fork and continue on Station Road .

2.3

Turn right onto West Shore Road.

2.4

LOCALITY l: McBride Bay - park cars on the side of West .
Shore Road and continue down dirt driveway to the lakefront .
Refer to the text for information concerning the locality.
Private residence; NO HAMMERS, PLEASE.
Return to cars and proceed north on West Shore Road.

4.5

LOCALITY 2: Rockwell Bay - park cars on the left side of the
road and continue north along the shoreline to the limestone
outcrops on the point. Refer to text for information concerning the locality. Proceed south on West Shore Road.

5.9

Turn left onto Sunset Hill Road.

6.5

LOCALITY 3: Lessor 1 s Quarry - either pull into the field
through the barbed wire gate or park along the side of Sunset
Hill Road. The quarry lies approximately 200 yards to the
south of the barbed wire gate.
Return to cars and proceed east on Sunset Hill Road.

7.1

Turn right onto Route 2.
Burlington, Vermont.

Proceed off Grand Isle towards

16.7

Turn right heading south on Interstate 89.

26.l

Take the first Burlington Exit heading west on Route 2.

26.4

Take first left heading south on Spear Street.

33.3

Turn right heading west down hill on Irish Hill Road.

34.8

Turn left at the blinking light heading south on Route 7.

39.0

Turn right at the blinking light onto Route F-5 towards
the ferry to New York State.

41.4

Keep straight onto dirt road past signs pointing south to the
ferry to New York State. Route F-5 banks sharply to the left.
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41.6

LOCALITY 4: Charlotte - turn into Charlotte Children's Center
and park in the parking lot. Follow the path behind the
children's center to the lakefront.
Return to the cars and proceed west onto . the dirt road.

41.8

Continue straight onto the paved road (Route F-5).

43. l

Turn right onto Route 7 south.

52.2

Turn right on Route 22A heading south towards Vergennes.

53. 9

Turn right onto Panton Road heading west towards Basin Harbor.

55.5

Turn right onto Basin Harbor Road.

59. 6

Turn left at the T and turn left onto Jersey Road (road is
unmarked).

61. 4

Turn right onto dirt road directly after the First Season
Greenhouses.

62.3

LOCALITY 5: Button Bay - proceed into the driveway on the
right; the house is a large, modern log home surrounded by
large pine trees. Walk down the path to the lakefront.

~

END OF FIELD TRIP
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A TRANSECT THROUGH THE FORELAND AND TRANSITIONAL ZONE OF WESTERN
VERMONT

Rolfe S .

by
Katherine Leonard, and Barbara Strehle
Department of Geology
University of Vermont
Burlington, Vermont, 05405

Stanley,

INTRODUCTION
Western Vermont is underlain by three distinctive sequences of
rocks that range in age from Late Proterozoic to Middle Ordovician
and are typical of the western part of the Appalachian Mountains.
The lowest most sequence, which rest with profound unconformity on
the Middle Proterozoic of the Green Mountain and Lincoln massifs,
largely consists of metawackes, mafic volcanic rocks and phyllites
that represent a rift elastic sequence.
These rocks grade upward
into siliciclastic and carbonate rocks of the platform sequence.
which in turn are overlain by Middle Ordovician shales of the
foreland basin sequence.
The boundary between the two sequences is
the base
of the Cheshire Formation (fig. 1 ).
North of Burlington ,
Vermont the platform sequence grades into shales,
breccias and
conglomerates of the ancient platform margin and eastern basin.
These sequences have been studied by a number of workers in the
·past (Cady, 1945; Cady and others, 1962; Hawley, 1957; Erwin, 1957;
Welby, 1961; Stone and Dennis, 1964, for example) and are receiving
current attention by Mehrtens (1985; in press) and her students
(Gregory, 1982; Myrow, 1983; Teetsel, 1985; Bulter, 1986; MacLean,
1986).
Agnew
(1977),
Carter
(1979),
Tauvers
(1982),
DiPietro
(1983) and Dorsey and others (1983) have reexamined parts of the
rift elastic sequence while Doolan and his students are currently
working in
the
same sequence in northern Vermont
and
Quebec.
Figures 1 and 2 illustrate the representative stratigraphic columns
for western Vermont north of the latitude of the Lincoln massif
where the field conference will be held.
Additional information
can be found in Welby (1961) and Doll and others (1961).
The
structure
of
western
Vermont
is
dominated
by
major,
north-trending folds and imbricate thrust faults which are well
displayed on the Geologic Map of Vermont (Doll. and others, 1961).
The rift elastic and platform sequences have each been displaced
westward
on
major
thrust
faults
that
extend
through much
of
Vermont.
The larger of the two, the Champlain thrust, extends from
southern Quebec to Albany, New York and places the older platform
sequence over the younger foreland basin sequence.
Estimates of
westward displacement range from 15 km to 100 km.
The smaller of
the two, the Hinesburg thrust, places transitional and rift elastic
rocks over the platform sequence and as such forms
a boundary
between the synclinorial rocks of western Vermont and the Green
Mountain anticlinorium.
Dorsey and others (1983) have demonstrated
that the Hinesburg thrust developed along· the overturned limb of a
large recumbent fold (fault-propagation fold of Suppe, 1985)
and
the re fore is qui t'e di ffe rent from the geometry of · the Champ la in
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thrust fault.

Westward displace ment is es t ima ted to b e

6 km.

Recent seismic traverses across west e rn Ver mont d em on stra t e th a t
the Champla in thr u st d i ps eastwa rd at a pproxim a t e ly 15 d egrees
ben e ath the Green Mountain a n tic l i no r ium and th at the major folds
of western Vermont are for med b y duplex es and r e lat e d structu re on
this and other thrust fau lt s wh ich are p resent both within the
platform and the
forela nd b as in s eque nces .
High angle normal
faults have been mapped alo ng th e Champl a i n thrust fault and in
many parts of the forelan d b a s in sequen c e (Welby, 1961; Doll and
others, 1961 ).
Seismic infor mation shows that some of the faults
are
older than the
Champlain th r ust
fault
whereas
others
are
younger.
Stanley (1980) has shown that several of the faults that
cut the eastern part of the plat form s e quence are Mesozoic in age.
The structure of western Vermon t in th e Burlington region is best
illustrated by the r e cen t wo r k of Dorsey and others (1983) in the
Milton quadrangle (f i g. 3) a nd Leonard (1985) in South Hero Island.
The cross sections f o r this reg ion show that the Champlain thrust
fault is essentia l ly planar wh i c h is consistent with recent seismic
studies at this l at i ti u de.
Detailed surface mapping, however, has
shown that the overly in g thrust faults are folded.
Dorsey and
others (1983) therefore sug gest that these folds are related to
duplexes
in
the
Ch am pl ain
slice
(fig.
4).
Based
on
this
configuration th e h ig h est
fault,
the
Hinesburg
thrust,
is
the
oldest and the Ch a mpl ai n thrust is the youngest.
Thus the thrust
sequence develope d fro m the hinterland
(east)
to
the foreland.
This conclusion is cons i stent with the character of each of the
fault zones. The Champlain thrust fault is marked by gouge, welded
breccia s
and
p ressure
solution
features
(Stanley,
1987).
The
Arrowhead
Mo u nta in
thr u st
fault
is
marked
by
cataclasites,
dislocation
glide
and
creep
features,
pressure
solution,
and
limited
r ec ry stallization.
Oriented
sericite
is
formed
along
cleav a ges ( Strehle and Stanley, 1986).
The Hinesburg thrust fault
i s mar ked by, e x tensive recrystallization with the development of
p r ot o my l on i t es
and
ultramylonites.
Sericite,
chlorite,
and
stilpnom e lan e are present (Strehle and Stanley, 1986).
Thus the
fabr i c s
de v e l oped
under
progressive
more
ductile
conditions
gene ra t ed a t
higher temperatures
and pressures.
Shortening as
measured bet ween the pin points in section B-B' (fig. 4) is in the
ord er o f 55 percent with 6 km of displacement on the Hinesburg
thru s t a n d 0 . 85 km of movement on the Arrowhead Mountain thrust.
Th e Mi l t o n cross sections clearly show the change in structural
sty le and fabric that occurs as one crosses from the foreland to
th e hin t erland.
Mo st of the deformation in western Vermont occurred during the
T aconian
Orogeny.
This
conclusion
is
based
on
regional
considerations (Stanley and Ratcliffe, 1985) and the analysis of
available
isotopic
data
(Sutter
and
others,
1985).
Mesozoic
d eformation in the form of extensional faults and igneous activity
clearly affected the region
(McHone and Bulter,
1984; Stanley,
1 980).
Available evidence,
however,
can not
rule
out
limited
Aca d ian or even Alleghenian deformation.
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This f iel d trip will begin in the western part of the foreland in
South
Hero
Island
and
end
along
the
western
margin
of
the
hinterland
at
the
Hinesburg
thrust
fault
at
Mechanicsville,
Vermont.
The trip across central Vermont will continue across the
pre-Silurian hinterland through the northern extension of the root
z one for the Taconic allochthons Stanley and Ratcliffe ,
1985).
Participants will therefore be able to observe
the
change
in
structure and fabric from the foreland to the hinterland .
ITINERARY
ALL STOPS ARE LOCATED
LOG IS NOT INCLUDED.

ON

GEOLOGIC

OR

TOPOGR APHIC

MAPS.

A MILEAGE

Assemble at the Apple Store on the south side of Route 2 in the
village of South Hero at 8:30 AM.
The first three stops will be on
South Hero Island (fig. 5).
PLEASE DO NOT USE HAMMERS ON THIS
TRIP.
LEAVE THEM IN THE CAR .
STOP 1 - West Shore of South Hero Island.
This
stop
illust rates
the low level of deformation that characterizes much of the west
shore of the Champlain Islands and the eastern shore of New York in
the area of Plattsburg.
Local areas of moderate deformation,
however, do exist where bedding plane faults and high-angle faults
cut the bedrock.
These outcrops of shale and thin micrite beds are
in the Stony Point Shale.
Note that the bedding, which is nearly
horizontal, is cut by a poorly developed cleavage that is only
developed in the shale beds.
The cleavage dips very gently to the
east and is interpreted to result from simple shear parallel to the
bedding.
Thin layers of calcite are present on some of the beds.
Those layers that are marked by prominent slickenlines are bedding
plane faults.
As we will see at other outcrops today, the larger
faults are marked by thicker layers of lineated calcite.
STOP 2 - Lessor's Quarry (fig.· 6)
This quarry is located in the
fossiliferous Glens Falls Limestone .
The quarry contains some of
the finest evidence of pressure solution in western Vermont.
The
cleavage (S1), which is discontinuous and wavy, is a classical
pressure
solution
feature
with
well . developed
selvedges
that
t run cat e f o s s i 1 s a n·d offs et bedding .
A s ma 11 ant i c 1 in e at the
south edge of the quarry contains adjustment faults at its hinge
that end along cleavage zones with thick clay selvedges.
The major structures in the quarry are bedding-plane thrust faults.
These faults
are marked
by
calcite
layers with west-trending
slickenlines and a fault-zone
cleavage
(St).
Near the larger
faults the S1 cleavage is rotated (Sr) toward the plane of the
fault.
Note that both St and Sr dip gently to the east and
indicate that movement on the bedding faul~s was to the west.
The
St cleavage forms as a result of simple .shear on the faults.
The
anticline along the southwall and edge of the quarry is formed from
a small duplex.
Unfortunately, the best evidence ~or this duplex
has been excavated.
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On the northea st side of the quarry (fig. 6) a syncline and an
associated blind
synformal thrust fault are tr uncat e d by the
major thrust fault that is continuous across the no rth wall of the
quarry.
The origin of this structure is not clear, but it is
t hought to be associated with a duplex or ramp below the level of
the quarry floor.
STOP 3 - "THE BEAM"
THIS IS A SUPERB OUTCROP THAT SERVES AS A
FIELD LABORATORY FOR RESEARCH AND TEACHING OF FORELAND DEFORMATION.
PLEASE STUDY IT.
USE YOUR CAMERAS BUT NOT YOUR HAMMERS. REFER TO
FIGURES 7 AND 8.
The
outcrop
is
located
in
the
Cumberland
Head
Formation
approximately 5 miles west of the exposed front of the Champlain
thrust fault or approximately 4600 feet below the restored westward
projectio n of the thrust surface.
The major questions that will be
discussed are: 1. How do ramp faults form ?, 2. Are there criteria
to determine if imbricate thrust faults develop toward the foreland
or hinterland ?,
3. What is the relation between faulting and
cleavage development ?,
4. What processes are involved in the
form a t ion of fault zones ?, 5. Are there criteria that indicate the
relative importance and durati on of motion along a fault zone ?, 6.
Is
there evidence that abnormal
pore
pressure
existed during
faulting ?, and finally 7.
What is the structural evolution of the
imbricate faults
?
The first
six questions will be largely
addressed by direct evidence at the outcrop.
The last question
wi l l be answered by palinspastically restoring the imbricated and
cleaved sequence to its undeformed state (fig. 8).
THE OUTCROP
Five imbricate thrust faults and associated ramps are exposed in
profile section in a foot thick bed of micrite that extends 45 feet
along an azimuth of N 80 E (fig. 7a).
The imbricate fault can be
further classified as a central duplex of three horsts that are
separated from two simple ramps at either end of the outcrop by
approximately 8 feet of flats.
The micrite bed is surrounded by at
least 5 feet of well-cleaved calcareous shale.
Bedding plane
faults are present along the upper and lower surface of the micrite
where they merge with ramp faults that cut across the micrite bed
at an angle of approximately 30 degrees.
The lower bedding plane
fault or floor thrust is relatively planar and the fault zone is
thick.
In comparsion the upper bedding plane faults are folded in
the ramp areas, cut by ramp faults, and the fault zones are thin.
The upper bedding plane fault forms the roof thrust for the central
dupl ex.
Along the intervening flats the upper faults are generally
planar although they are cut by the S1 cleavage in many places.
The lower bedding plane fault is the major decollement across the
outcrop.
Older bedding planes faults are also present throughout
the shale and are offset by the penetrative S1 cleavage.
All the fault surfaces are covered by layers of sparry calcite that
v ary in thickness from several mm to 4-6 cm.
The thickest zone is
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Figure 7a

DEFORMATION OF THE CUMBERLAND HEAD FORMATION
SOUTH HERO, VERMONT
N

.0
fold

1

al1

Lover
hemisphere
equal
area
projection shoving the dominant
position
of
the
major
structural
elements
in
the
outcrop
of
the
"beam".
The
structural
elements
are
identified in figure 7a.
Ls
refers
to
the
dominant
orien ta ti on of slickenlines on
the
thrust
faults.
The
slickenlines
on
the
older
thrust faults are rotated along
the
deformation
plane
for
sl.ickenlines.

Figure 7b
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found along the decollement or floor th rus t wh e r eas th e t h i n e st
zone
is
found
along
the
o l der
b eddin g
p l an e
faults
in
the
calcareous shale (fig. ?a).
In all but the th i ne st l ayers, t h e
calcite is arranged in distinct
layers
th at · a r e
s e p a r a ted by
di s continuous selvedge of dark gray s h ale.
Eac h of the l a yers a re
mark ed by grooves or slickenlines th a t
tr e nd s N 56 W a n d are
ess e ntially parallel from layer to l ayer ( f i g . ?b ) .
In sectio n s
ori e nted
perpendicular
to
th e
laye rin g
and
paral l e l
to
th e
slickenlines the shale selvedg e s are mor e paral lel t o each o t her
than they are in sections cut perpend icul ar to the s l icke nlines
where
the selvedges either anastomse or conf or m to
the
c ross
secti o n of the grooves.
In the paral l el sec tion s, however, so me of
the se l vedge layers are truncated by more co ntinuous s u rfaces.
On e
o f these can be traced for 5 feet or mor e a lon g the decol l e me nt .
At a number of places along the differen t fault z ones small dike s
o f sparry calcite have intruded the lower pa r t of th e ca l cite- sh a l e
layers.
The fault-zone fabrics are mo s t c l early disp l ayed al ong
the
decollement
where
the
calcite-se lved g e
layers
are
more
abundance.
Fractures are common throughout the mic rite bed where th e y are
oriented at either a high angle or lo w a n g l e t o the be d di n g .
Most
fractures are filled with sparry cal cit e .
The mo st prominent
fractures are arranged in en ech e lon a rrays that c lim b e ither to
the west or the east.
Most of t he se arrays are l ocated in ramps
areas and along the west-fac ing l imb s or small fl ex ure s.
A few are
present in the flat region s of th e be d . The frac tures i n many of
the arrays in the ramp r e g i ons are f old e d and some are cut by
younger generations of en ech e l o n fra c tures.
In the eastern ramp
the hangingwall and foo t wal l a re cut by near - v e rt ical fractures
that are filled with frag ments of t he surrounding mi cr i te embedded
in sparry calcite so as to form e lastic dikes .
Two,
well
develo pe d,
pressure ~ solution
cleav age s
are
present
throughout th e calc ar e o u s shale.
The first an d most conspicuous
one, S1, str i ke s N 20 E a n d dips 60 to the e ast (figs
?b).
This
orientation is a n a ver age based on mea s uremen ts taken across the
vertical fac e o f th e o u tcrop because the ind iv i dual S1 surfaces are
quit e
wavy
a lo ng
s tr ike.
As
a
r e sult
th ey
form a
distinct
di a mond -s hap e pat t ern on the bedding s ur f a ce.
The acute angle of
th e d i amond pa t te r n is approx i mately 30 d egrees in the shale and 50
d e gre es i n t he micr i te bed.
This g e om e t ry indicates a moderate
level o f cl e a v age de v elopment.
S1 su rf ac e s are covered by a black,
c a rbon -r i c h selvedge of illite a nd k aolinite which is less than two
t e nth of a n inch thick.
Although many of the cleavage surfaces are
v e rt ically continuou s thr o u gh th e sh ale, some of them are short and
d iscontinuous with t ape red e n ds. Th e thickest selvedge occurs on
t h e most continuou s s urf aces .
The surfaces of the selvedge are not
lineated alth o u g h s om e a r e p olished.
Th e S1
cleavage offsets
b e d ding
a nd
th e
old er
bed d ing-plane
thrust
faults
with
a
s en se
throughout
much
of
the
outcrop.
This
d o wn-to-th e-eas t
d is p lacem e nt is gre at est wh e r e a se l vedge is the thickest and it is
gradually r e duc ed to zer o as a selvedge thins toward the tapered
e nd s of the sh orte r c l ea v age s ur faces .
The average width of the
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microlithons between the S1 surfaces is 2 . 2 inches thick .
Th e S1
cleavage not only cuts the older bedding-plane faults but cuts
across most of the roof faults on top of the micrite bed.
A second, well developed cleavage, St, is resticted to a foot-thick
zone directly below the decollement (fig.
7a).
The individual
cleavage surfaces are thinner (about a mm thick), more closely
spaced (about a cm or more), and are covered with a thin selvedge
( 1 es s than 1 mm ) •
Furth e rm o re , St dips to the ea s t at on 1 y 6
degrees compared to the steeper dip of S1.
St is also developed
along the roof thrust of the micrite bed, but the zone is thinner
and it is more difficult to recognize because the roof faults have
been folded in the ramp areas and deformed by S1.
The St cleavage
is definitely related to movement of the thrust faults because it
is only found near the faults and it is absent away from them.
In the zone near the
decollement and
the roof faults the S1
cleavage is rotated eastward so that the steeper 60 degree dip in
the shale is reduced to 25 degrees (fig. 7b.).
The strike of the
rotated S1 (hereafter referred to as Sr) is the same as S1 away
from the faults.
The counterclockwise rotation of S1 through an
angle
of shear of 35
degrees
indicates that movement on the
decollement was east-over-west along a direction of N 56 W as
indicated by the slickenlines along the decollement.
This sense of
displacement is consistent with the orientation of St since the
normal to St would correspond to the direction of maximum finite
compressive strain.
Cleavage, similar to S1 and St, is totally absent from the micrite
bed.
In a few places, however, a very ~hin (less 1 mm), styolitic
to very irregular cleavage is oriented perpendicular to bedding in
the micrite.
This cleavage is not developed uniformly throughout
the
micrite.
Where
it
is
formed
the
cleavage
surfaces
are
separated
from
each
other
by
at
least
6-10
cm.
The
form,
orientation and limited distribution of this cleavage indicates
that
it
formed
very
early
in
the
deformation sequence while
compression was essentially parallel to the planar micrite bed.
OTHER IMPORTANT RELATIONS
Ramp Faults
All the east-dipping ramp faults form from arrays of west-climbing,
en echelon fractures.
These arrays appear to nucleate along the
west-facing limbs
of slightly asymmetrical
buckle
folds.
The
sequence continues with the rotation of the individual fractures by
distributed
shear
strain
along
the
west-climbing
array.
The
individual fracture may continue to grow as the older central parts
of the fractures are rotated counterclockwise to produce ~ shaped
fractures.
New arrays of planar fractures develop over the older
arrays and produce a weakened zone along the trend of the array.
As
generations
of fractures
are
superposed
they
coalesce
and
develop into ramp faults
as demonstrated by deformed fracture
arrays in the footwall and hangwall that are truncated by the ramp
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f au l ts .
The prese nc e
of sparry calcite and
cavities
in the
f ractures in d ica t e s that the fractures opened ra pidly and at a
shallow enoug h l e vel in the crust so that th e micrite bed was
strong eno u gh to support the shape of the cavities.
East-climbing,
en echelon fra c tu re arrays are also present in the micrite where
they are a b u ndant in the ramp regions.
Fault Chron o l ogy
The bedding plane faults in the surrounding shales are clearly
older tha n t hese faults because they are cut and offset by the S1
cleavage.
Alt h ough the bedding plane faults that are in direct
contact wi t h the micrite bed may have formed originally at this
time there is abundant evidence that they certainly were active
long after those in the shale.
Their average age therefore is
younge r.
The ev i d e nce for the relative age of each of the faults is found in
the r egio n s where the ramp faults merge with the roof and floor
faults.
For example, in the western part of figure 7a the ramp
fault (T n- 1) cuts across the upper-bedding plane fault (Tn-2) of
the hangingw all block but merges asymtopically with the floor fault
(Tn) o f the footwa l l block.
Furthermore, the roof fault of the
hangingwal l
block is
folded
and
cut
by S1
cleavage.
At
the
ju n c t io n of the ramp fault and the floor fault, the quasiplanar
s li p s u rfaces in the calcite-shale fault zone cut across the fault
z o n e o f t h e ramp fault.
The relative age relations therefore are
c lea r
t h e oldest fault of the three is the roof thrust and is
d esi g nate d Tn-2.
The youngest fault is the floor thrust (Tn). This
same relati v e chronlogy applies to all the ramps and duplexes to
the ea s t.
S e v eral important conclusions result from this ana.lysis.
First,
t he imbricate faults which comprise the roof, ramp, and floor fault
s y stem become younger to the west or the fore land.
Second, the
f loor fault is continually reactivated during the evolution of the
fa u lt system.
The average age of this fault zone therefore becomes
y ounger to the west.
Furthermore, it is the most continuous fault
in the outcrop.
This second conclusion explains why the fault zone
f or the floor fault is much thicker than the fault zones along the
ramp or roof faults.
The floor fault has been active for a longer
period of time than any of the other faults.
The thickness and
continuity of a fault zone therefore are directly related to the
duration of motion of a given fault.

Fault-Zone Deposits
The important facts
are the following:

that

bare

on

the

evolution

of

the

fault-zones

1) All the faults zones are filled with veins of sparry calcite
and minor quartz which are generally oriented either parallel or at
a low angle to the fault surface.
Vertical veins, which commonly
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join sills higher in the fault
laye r s of the fault zone and
fault zone .

zone , a r e more com mon i n th e low e st
in the shale directly beneath the

2)
Discontinuous ,
dark,
styolitic
clay
lamin a e
with
c oncentrations of quartz adjacent to or within the laminae are
i nterlayered with the calcite in all but thinnest zones.
The
laminae a re identical in appearance to the se 1 ve dge s on the S 1
cleavage surfaces.
Some of the clay laminae are continuous with
chips of shale which are either completely enclosed within a
c alcite layer or occur at the boundary between two calcite veins .
The·se shale chips preserve varying degrees of pressure solution .
For example, some of the chips are similar to the undeformed shal e
in microlithons away from fault zones whereas others have dark ,
thin selvedges within the chip and along their edges.

3)
A relative planar surface decorated with shale laminae cuts
older surfaces in the fault-zone deposit and is continuous for 5 or
10 feet along the floor fault.
Such surfaces as this are called .
slip surfaces.

4) The size of the sparry calcite is directly proportional to
vein width.
Most grains are bladed in form, but their long axes is
n ot prefferentially alined.
The calcite in all the layers is
twinned with the greatest density occuring in the thinner layers
between shale laminae where the grains are turbid and small.
The
larger grains in thicker layers nearest the planar slip surface are
generally more twinnned than are those grains in veins further
away.
5) The slickenlines on each of
grooves rather than calcite fibers.

the

vein

layers

are

formed

by

6)
The
calcite-shale
layers
tend
to
be more
parallel in
s ections cut parallel to the slickenlines rather than they are in
sections cut perpendicular to the slickenlines where the layers are
irregular or anastomose.
It is clear from the foregoing information that the calcite has
been intruded along the faults after the initial cohesion had been
broken along the shale-shale or shale-micrite .contacts where the
strength contrast is the greatest and the cohesive strength the
weakest.
Once such a
zone
has
developed and is filled with
calcite, it becomes a zone of weakness.
Subsequent failure likely
occurred along the calcite-shale interface and resulted in scabs
and chips of the shale being incorporated into the fault zone.
Other shale fragments may have been sheared in along faults or
carried in along thick veins.
During renewed movement the calcite
and
quartz were
dissolved
from
the
shale
to
form
the black
selvedges which are interlayered with the c~lcite and decorate the
slip surfaces.
These boundaries then formed weak planes along
which subsequent movement occurred within'the fault zones.
As the
fault zone thickened movement could occur along planar surfaces
(slip surfaces) which smoothed out the irregular geometry formed by
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ramp zones and b roa d folds i n the i n t er v e n i ng f lat regions o f th e
micrite
bed.
Movement
was
no
longer
r est r icted
to
th e
calcite- s h a le boundaries of t h in fa u l t z ones, but could occur a lo n g
any favorably situated c alc i t e -s elvedge boundary.
Th e resulting
cl a y selvedge then acted as a cata lyst tha t facilitated s olu tion of
c alcite
from
the
selvedge- calci t e
boundary of
th e
s u rr o unding
veins.
This
process
re su l ted
in
the
st y loli t ic
f orm o f
the
selvedge.
We sugges t t hat pr eferrential sol ut ion in t h e d irection
of
fault
movement
prod u ce d
the
slickenl i ne
groo v e s
an d
the
stylolitic selvedges best seen in sections cut perpen d i cu lar t o t he
slickenlines.
Bec a use the floor fault was con tinually active durin g t he evol u tion
of t he imbricate system, It i s no t surprising t o fin d evi d e nce f o r
repeated vein injection in the form of n u merous cr o s scutt ing ve in s
in the thick fault zone d epos it.
During each o f th ese e v ents th e
influx of fluid and t he sub s equent crys t alliza tion was re la ti v el y
rapid so that s pa r ry c alc ite formed rather than fi bered ca lc i te .
the
fault
zone
thick en e d with layers of cal ci t e an d c la y
As
selvedge, new veins cou l d f or m along a ny s urface of weak nes s within
the fault zone rather th an being confined to the o u ter borders with
the country rock .
As mo vement continued acr o ss t he fault zone, the
calcite in the ol de r veins became heavily t wi n n ed and severely
strained.
Re pe a t e d so l ution of calcite al o ng the i r bound a ries with
t he a dj a cent cla y selvedges reduced their th i ckn ess and produced
th e commo n obser v a t ion that calcite in ma n y of t he thinner veins
ar e h ea v i ly twi n ned.
Th e se n a r i o tha t has been inferred from the f ault zone fab ri cs and
th e rel at i v e age relations amon g the fau lts suggests that fault
mov e men t was i n termittent with each e ven t occu r ing rapidly.
During
the i nt e rv e n i n g time deformation i n the f aul t zone. ma y have been
restricte d to twinning in th e calc it e.
Shortening
Th e shorte ni ng across the outcr o s s i s c on v e n ien t ly recorded by the
folds in the ramps a r eas and s tru ct ura l overlap across the faults.
The displacement on each of t he fa ul ts in the micrite bed ranges
from 3 to 19 inches which add s up to a total displacement of 52.8
inches or 4.4 f e et ov e r a pr e se n t horizontal distance of 35 feet .
Th e five anticlin e s ov e r ram ps a n d the broad folds along the flats
account for approx i ma t e ly 5 i n ches of additional shortening so that
th e total shorten i ng e q ua l 57 .8 inches or 4.8 feet.
These values
correspond to a sh o rt e n ing of 1 3 . 7 percent .
In the s hal e th e corr esp o nding shortening is provided by volume
r e duction a cro ss th e clea v age surfaces .
In order to see if the
shortenin g d e t ermi n e d from the micrite bed is comparable to the
short e n i n g in the s h a l e , a n independent estimate was made for the
sh a l e by d e t e r mining the percentage of insoluble material.
Samples
of
suit ab le
ma t e r ial
fro m four
different
microlithons
where
imm e r se d i n h y drochloric acid until all the soluble material was
el i mina t e d .
Th e f i nal average
residue was 36 percent of the
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original mass (a range of 32% to 39% for 4 samples) .
The number of
cleavage selvedges across a present width of 26 feet was then
counted.
The total width of the selvedges (a range of 1.16 tp 1 .7 8
foot) was then multiplied by 2.8 to given an estimate of the
original width now represented by the cleavages (3.25 to 4.98
feet).
The original length of the present 26 foot width was then
estimated to be 29.3 to 31 feet.
Shortening was then calculated to
be in the range of 7.3 to 10.6 percent.

This difference in shortening values in the "beam" and the shale is
not considered to be significant because the method for estimating
shortening in the shale is less accurate than the method for the
micrite bed.
For example, the number of cleavage surfaces in - the
shale and their thickness were underestimated since mani thin
cleavage
selvedges
were
overlooked
in
the
originally
count.
Furthermore, if the lowest value of 32 percent were used along with
all the existing data the total shortening would be a little over
14%.
Thus
the
range
of
values
overlaps
the
shortening value
calculated for the micrite bed.
We therefore conclude that
the
formation of the
cleavage and
consequent
shortening
in
the
shale
occurred
during
imbricate
faulting in the micrite bed.
Although this conclusion may seem
intuitively obvious, it does have important implications for the
evolution of the cleavage.
Because we have already proven that the
fsults represent a time-transgressive sequence that developed from
east to west, we must also conclude that the cleavage in the
surrounding shales must
have
developed
in a
similar mannner.
Unlike our earlier conclusion, this relation is far from oqvious
from the relations within the cleaved shale.
In fact it is the
existence of the micrite bed and its fault geometry that allows us
to conclude that the cleavage in the shale is indeed a time
transgressive phenomena.
The evolution of the cleavage and its
relation to imbricate faulting is best shown by retrodeforming the
faulted micrite bed to its original predeformational condition
(fig. 8).
Th e n e x t pro b 1 e m i s the o r i g i n o f s· r , the r o t a t e d c 1 e av age , and S t
the finely spaced cleavage below the floor thrust.
Because Sr is
simply the dominant S 1 c 1 ea vage throughout the shale. and is only
present near the floor and roof faults, it had to form after the
ramp faults developed and during subsequence displacement. on the
roof and floor faults.
During this time the S1 cleavage near these
faults
is
rotated in simple
shear in the. direction of fault
displacement.
The fact that the Sr cleavage below the floor fault
is rotated more than it is along the roof fault is consistent with
our earlier conclusion that the floor thrust was active throughout
deformation whereas the individual roof faults are short lived.
The St cleavage, which is only present a~ong the floor thrust,
clearly formed after Sr because it cuts across Sr at a low angle
and is not folded or rotated.
Its absence along the roof faults is
consistent with their short history of displacement.
St is a true
fault zone cleavage because it is restricted to a thin region below
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the
floor
fault .
Fu r thermo r e ,
the
St
cl eav age
is
in
the
orientation
predicted
by
the
Ramsay
equation
Tan
20 '= 2 /ga mma
(Ramsay and Huber, 1984) where gamma of 36 degrees is t he r; o tat io n
of S1 (Sr) as it is traced into the fault zone.
This r ela t ion
proves that St is the result of simple shear along the floo r f ault .

Are St and Sr time transgessive?
Because we have demons t rated
earlier that the floor fault and the respective roof faults are
time transgressive, it must follow that both Sr and St are als o
time transgressive to the west.
This conclusion suggests that the
amount of rotation of Sr and the intensity of St should also
increase to the east where the displacement on the floor faul~ has
been longer.
We could detect no such relation which, in tur n , ma y
suggest that there is a limit beyond which Sr can be rotated .
EVOLUTION OF STRUCTURES
The evolution of the imbricate faults and the various clea v age ~
described in the foregoing section is illustrated in a series of
retrodeformed sections in figure 8.
Section 1 shows the "beam" in
its
present
state.
Section 2
is
developed
by reversing the
deformation associated with the youngest ramp fault at the western
part of the outcrop.
For example, the rocks of the hanging wall
block (B, section 2) are unfolded as they are returned to their
original position east of the footwall block
(A,
section 2) .
During the time represented by section 2 the active floor fault in
the eastern part of the diagram climbs section along the ramp fault
below block C and continues along the top of block A and B.
As a
result the St and Sr cleavages below blocks A and Bare absent .
Furthermore, the S1 cleavage is shown to be more abundant in the
upper plate than the lower plate because it is actively moving .
Sections 3, 4 and 5 show the retrodeformation continuing to the
east and are constructed in the same manner as section 2.
Thus the
evolution of the imbricate system and its associated structures can
be seen by studying diagrams 5 through 1.
STOP 4 - CLAY POINT (fig. 9)
Clay Point is located several 1000
feet west of the trace of the Champlain thrust fault (fig. 3 and
5).
The rocks consists of medium to dark ~ray,
noncalcareous
shales,
dolomitic
silts tones
and
beds
of
brown-w~athered
dolomicrite of the Iberville Formation, a foreland basin flysch
deposit.
This sequence is rhythmically layered with the base of
each cycle marked by yellowish-brown weathered, dark gray laminated
siltst'one which contains ripple laminations (Hawley, 1972).
These
beds grade upward into dark grey, we 11 cleaved shale that are
marked by thin layers of lineated calcite.
These layers represent
bedding plane faults (Tb, fig. 9a). which are identical to the
bedding plane faults at the "beam".
Like the bedding, these faUlts
are folded into a west-facing, overturned anticline that is cut by
a prominant, east-dipping, pressure solution cleavage (S1, fig.
9b).
This cleavage has the same orientation as the S1 cleavage at
the "beam" (STOP 3) and is part of the same generation although it
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formed earlie r because it i s situated farthe r to th e ea st a nd
closer to the Champlain thrust fault.
The over t urned limb o f the
a nticline is cut by a ser ies of thrust faults (Tn through Tn- 4)
that are clearly influenced mo re by the cleavage than they' are by
the bedding.
The sense of dis~lacement on these faults is pro v ided
by the rotated S1 cleavag e adjacent to the fault surface.
We
believe that faults
of this
type
that are controlled by the
cleavage are younger than the faults seen at the "beam".
This
relation can be seen at the east end of the "beam" where a younger
fault has developed from the older ramp and is climbing through the
upper plate shale.
The other features

that you should study are:

1) Calcite fractures (fig 9a).
Many of these fractures contain
cross fibers and indicate slow extension parallel to the fiber
direction.
Several of the veins are compound with an outer border
of fiber
calcite and an inner core of sparry calcite, which
indicates
rapid
extension.
These veins
therefore
opened more
rapidly after an earlier period of slo w extension.
2) Several of the faults on western side of the outcrop have two
directions of slickenlines.
Although this fact suggests a change
in fault motion during the evolution of the structure at Clay
Point, another explanation is suggested by the fact that many of
these faults are bedding plane faults (Tb).
During folding the
older northwesterly slickenline direction was rotated out of the
plane
containing
the
transport
direction
(deformation
plane) .
Subsequent movement along the same northwesterly direction p~oduced
the new slickenlines which cut across the older direction.
3) A west-trending Mesozoic dike
the cross section.

cut the anticline

just north

4) Study the laminate calcite along the faults.
Look at
fabric perpendicualr and parallel to the slickenline direction.

of
the

STOP 5 - THE CHAMPLAIN THRUST FAULT AT LONE ROCK POINT, BURLINGTON,
VERMONT - The following discussion is reprinted from The Centennial
Field Guide, Volume 5, of the Geological Society of America in
1986. All the figure numbers for this stop refer to those figures
in the reprint.
The reprinted discussion appears in Appen~ix 1.
STOP 6 - THE HINESBURG THRUST FAULT AT HINESBURG, VERMONT - This is
the classic and best exposed locality for the Hinesburg thrust
fault.
It contains many fault related fabrics that have recently
been studied by Strehle (1985) and published by Strehle and Stanley
(1986) in a bulletin of the Vermont Geological Survey (Studies in
Vermont Geology No.3).
This publication also contains analysis of
other fault zones of western Vermont which will be seen during this
NEIGC.
The reader is referred to this paper or an earlier NEIGC
trip by Gillespie and others (1972).
The Hinesburg

thrust

fault

separates
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of
the
platform
sequence
fro m
the
older,
highly
deformed
metamorphic rocks of the eastern hinterland.
As shown in figure 4,
the.Hinesburg thrust fault developed along the overturned, sheared
limb of a large recumbent fold.
This fault probably broke out from
the overturned limb of a fault-propagation fold (Suppe, 1985) and
th e refore is similar in origin to the Arrowhead Mountain thrust
fault. To the south the Hinesburg thrust fault dies out somewhere
in the overturned limb of the Lincoln massif
(Tauvers,
1982;
DiPietro, 1983; DelloRusso and Stanley, 1986).
At the Mechanicsville locality the lower 40 m. of the Cheshire
Quartzite is structurally overturned along the base of the upper
plate of the Hinesburg thrust fault.
Higher up the cliff the
quartzite grades into the Fairfield Pond Formation of Tauvers
( 1982).
The lower plate rocks, which are poorly exposed, consist
of carbonates of the Lower Ordovician Bascon Formation.
Slivers of
dark gray phyllite of the Brownell Mountain Phyllite are found at
several localities along the fault trace.
Chlorite, muscovite, and
stilpnomelane are present in the quartzite.
Muscovite and chlorite
are present in the schist.
The following features should be studied here:
1) The change in fabric as the fault surface is approached.
The
quartzite grades from a protomylonite to an ultramylonite along the
fault surfa ce .
~
2) The presence of east-over-west asymmetrical
folds are related to simple shear along the fault.

These

folds.

3) The promin ent mineral lineation consisting of elongate
and quartz clusters.
4) "Z" shaped
quartzite.

quartz

veins

that

5)

Rare east-dipping shear bands.

6)

Late fractures

are

associated

with

quartz

beds

of

and associated en echelon fracture arrays.

The
interpretation of these
structures
and
the
fabrics are discussed in Strehle and Stanley (1986).
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The Cha1np lain thrust fault, Lone R ock Point, Burlington, Vermont
Rolfe S. Stanley, Department of Geology, University of Vermont, Burlington, Vermont 05405
LOCATION
The 0.6 mi (I km) ex posure of the Champlain thrust fault is
located on the eastern shore of Lake Champlain at the north end
of Burlington Harbor. The property is owned by the Episcopal
Diocesan Center. Drive several miles (km) north along North
Avenue (Vermont 127) from the center of Burlington until you
reach the traffic light at Institute Road, which leads to Burlington
High School, The Episcopal Diocesan Center, and North Beach.
Tum west toward the lake and take the first right (north) beyond
Burlington High School. The road is marked by a stone archway.
Stop at the second building on the west side of the road, which is
the Administration Building (low rectangular building), for written permission to visit the field site.
Continue north from the Administration Building, cross the
bridge over the old railroad bed, and keep to the left as you drive
over a small rise beyond the bridge. Go to the end of this lower
road. Park your vehicle so that it does not interfere with the
people living at the end of the road (Fig. 1). Walk west from the
parking area to the iron fence at the edge of the cliff past the
outdoor altar where you will see a fine view of Lake Champlain
and the Adirondack Mountains. From here walk south along a
footpath for about 600 ft (200 m) until you reach a depression in
the cliff that leads to the shore (Fig. 1).
SIGNIFICANCE
This locality is one of the fi nest exposures of a thrust fault in
the Appalachians because it shows many of the fault zone features characteristic of thrust faults throughout the world. Early
studies considered the fault to be an unconformity between the
strongly-tilted Ordovician shales of the "Hudson River Group"
and the overlying, gently-inclined dolostones and sandstones of
the "Red Sandrock Formation" (Dunham, Monkton, and Winooski formations of Cady, 1945), which was thought to be
Silurian because it was lithically similar to the Medina Sandstone
of New York. Between 1847 and 1861, fossils of pre-Medina age
were found in the "Red Sandrock Formation" and its equivalent
"Quebec Group" in Canada. Based on this information, Hitchcock and others (1861, p. 340) concluded that the contact was a
major fault of regional extent. We now know that it is one of
several very important fa ults that floor major slices of Middle
Proterozoic continental crust exposed in western New England.
Our current understanding of the Champlain thrust fault
and its associated faults (Champlain thrust zone) is primarily the
result of field studies by Keith (1 923, 1932), Clark (1934), Cady
· ( 1945), Welby ( 1961 ), Doll and others ( 1961 ), Coney and others
( 1972), Stanley and Sarkisian ( 1972), Dorsey and others ( 1983),
and Leonard ( 1985). Recent seismic reflection studies by Ando
and others ( 1983, 1984) and private industry have shown that the
Champlain thrust fa ult dips eastward beneath the metamorphosed rocks of the Green Mountains. This geometry agrees with
earlier interpretations shown in cross sections across central and
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Figure I. Location map of the Champlain thrust fault at Lone Rock
Point, Burlington, Vermont. The buildings belong to the Episropal Diocesan Center. The road leads to Institute Road and Vermont 127
(North Avenue). The inferred change in orientation of the fault surface is
based on measured orientations shown by the dip and strike symbols.
The large eastward-directed arrow marks the axis of a broad, late syncline in the fault zone. The location of Figures 2 and 3 are shown to the
left of "Lone Rock Point." The large arrow points to the depression
referred to in the text.
northern Vermont (Doll and others, 1961; Coney and others,
1972). Leonard's work has shown that the earliest folds and faults
in the Ordovician sequence to the west in the Champlain Islands
are genetically related to the development of the Champlain
thrust fault.
In southern Vermont and eastern New York, Rowley and
others ( 1979), Bosworth ( 1980), Bosworth and Vollmer ( 1981 ),
and Bosworth and Rowley (1984), have recognized a wne of late
post-cleavage faults (Taconic Frontal Thrust of Bosworth and
Rowley, 1984) along the western side of the Taconic Mountains.
Rowley (1983), Stanley and Ratcliffe (1983, 1985), and Ratcliffe
(in Zen and others, 1983) have correlated this wne with the
Champlain thrust fault. If this correlation is correct then the
Champlain thrust zone would extend from Rosenberg, Canada,
to the Catskill Plateau in east-central New York, a distance of
199 mi (320 km), where it appears to be overlain by Silurian and
Devonian rocks. The COCORP line through southern Vermont

R. S. Stanley

shows an east-dipping reflection that roots within Middle Proterozoic rocks of the Green Mountains and intersects the earth's
surface along the western side of the Taconic Mountains (Ando
and others, !983, 1984).
The relations described in the foregoing paragraphs suggest
that the Champlain thrust fault developed during the later part of
the Taconian orogeny of Middle to Late Ordovician age. Subsequent movement, however, during the middle Paleozoic Acadian
orogeny and the late Paleozoic Alleghenian orogeny can not be
ruled out. The importance of the Champlain thrust in the plate
tectonic evolution of western New England has been discussed by
Stanley and Ratcliffe (1983, 1985). Earlier discussions can be
found in Cady (1969), Rodgers (1970), and Zen (1972).
REGIONAL GEOLOGY
In Vermont the Champlain thrust fault places Lower Cambrian rocks on highly-deformed Middle Ordovician shale. North
of Burlington the thrust surface is confined to the lower part of
the Dunham Dolomite. At Burlington, the thrust surface cuts
upward through 2,275 ft (700 m) of the Dunham into the thickbedded quartzites and dolostones in the very lower part of the
Monkton Quartzite. Throughout its extent, the thrust fault is
located within the lowest, thick dolostone of the carbonatesiliciclastic platform sequence that was deposited upon Late
Proterozoic rift-elastic rocks and Middle Proterozoic, continental
crust of ancient North America.
At Lone Rock Point in Burlington the stratigraphic throw is
about 8,850 ft (2,700 m), which represents the thickness of rock
cut by the thrust surface. To the north the throw decreases as the
thrust surface is lost in the shale terrain north of Rosenberg,
Canada. Part, if not all, of this displacement is taken up by the
Highgate Springs and Philipsburg thrust faults that continue
northward and become the "Logan's Line" thrust of Cady
(1%9). South of Burlington the stratigraphic throw is in the order
of 6,000 ft (1,800 m). As the throw decreases on the Champlain
thrust fault in central Vermont the displacement is again taken up
by movement on the Orwell, Shoreham, and Pinnacle thrust
faults.
Younger open folds and arches that deform the Champlain
slice may be due either duplexes or ramps along or beneath the
Champlain thrust fault. To tlie west, numerous thrust faults are
exposed in the Ordovician section along the shores of Lake
Champlain (Hawley, 1957; Fisher, 1968; Leonard, 1985). One of
these broad folds is exposed along the north part of Lone Rock
Point (Fig. 2). Based on seismic reflection studies in Vermont,
duplex formation as described by Suppe (1982) and Boyer and
Elliot (1982) indeed appears to be the mechanism by which
major folds have developed in the Champlain slice.
North of Burlington the trace of the Champlain thrust fault
is relatively straight and the surface strikes north and dips at about
15° to the east. South of Burlington the trace is irregular because
the thrust has been more deformed by high-angle faults and broad
folds. Slivers of dolostone (Lower Cambrian Dunham Dolomite)
and limestone (Lower Ordovician Beekmantown Group) can be
found all along the trace of the thrust The limestone represents
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Figure 2. A sketch of the Champlain thrust fault at the north end of Lone
Rock Point showing the large bend in the fault woe and the slivers of
Lower Ordovician limestone. The layering in the shale is the SI cleavage. It is folded by small folds and cut by many generations of calr.ite
veins and faults. The sketch is located in Figure l.
fragments from the Highgate Springs slice exposed directly west
and beneath the Champlain thrust fault north ofBurlington (Doll
and others, 1961). In a 3.3 to 10 ft (1 to 3 m) zone along the
thrust surface, fractured clasts of these slivers are found in a
matrix of ground and rewelded shale.
Estimates of displacement along the Champlain thrust fault
have increased substantially as a result of regional considerations
(Palmer, 1969; Zen and others, 1983; Stanley and Ratcliffe,
1983, 1985) and seismic reflection studies (Ando and others,
1983, 1984). The earlier estimates were less than 9 mi (15 km)
and were either based on cross sections accompanying the Geologic Map of Vermont (Doll and others, 1961) or simply trigonometric calculations using the average dip of the fault and its
stratigraphic throw. Current estimates are in the order of 35 to 50
mi (60 to 80 km). Using plate tectonic considerations, Rowley
(1982) has suggested an even higher value of 62 mi (100 km).
These larger estimates are more realistic than earlier ones considering the regional extent of the Champlain thrust fault
Lone Rock Point
At Lone Rock Point the basal part of the Lower Cambrian
Dunham Dolostone overlies the Middle Ordovician Iberville
Formation. Because the upper plate dolostone is more resistent
than the lower plate shale, the fault zone is well exposed from the
northern part of Burlington Bay northward for approximately
0.9 mi ( 1.5 km; Fig. 1). The features are typical of the Champlain
thrust fault where it has been observed elsewhere.
The Champlain fault zone can be divided into an inner and
outer part. The inner zone is 1.6 to 20 ft (0.5 to 6 m) thick and
consists of dolostone and limestone breccia encased in welded,
but highly contort_ed shale (Fig. 3). Calcite veins are abundant.
One of the most prominent and important features of the inner
fault zone is the slip surface, which is very planar and continuous
throughout the exposed fault zone (Fig. 3). This surface is marked
by very fine-grained gouge and, in some places, calcite slickenlines. Where the inner fault zone is thin, the slip surface is located
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Champlain thrust fault, Lone Rock Point
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Figure 3. View of the Champlain thrust fault looking east at the southern end of Lone Rock Point (Fig.
I). The accompanying line drawing locates by number the important features discussed in the text: 1, the
continuous planar slip surface; 2, limestone slivers; 3, A hollow in the base of the dolostone is filled in
with limestone and dolostone breccia; 4, Fault mullions decorate the slip surface at the base of the
dolostone; 5, a small dike of shale has been injected between the breccia and the dolostone.
along the interface between the Dunham Dolomite and the Iberville Shale. Where the inner fault is wider by virtue of slivers and
irregularities along the basal surface of the Dunham Dolomite,
the slip surface is located in the shale, where it forms the chord
between these irregularities (Fig. 3). The slip surface represents
the surface along which most of the recent motion in the fault
zone has occurred. As a consequence, it cuts across all the irregularities in the harder dolostone of the upper plate with the exception of long wave-length corrugations (fault mullions) that
parallel the transport direction. As a result, irregular hollows
along the base of the Dunham Dolomite are filled in by highly
contorted shales and welded breccia (Fig. 3).
The deformation in the shale beneath the fault provides a
basis for interpreting the movement and evolution along the
Champlain thrust fault. The compositional layering in the shale of
the lower plate represents the well-developed SI pressuresolution cleavage that is es.sentially parallel to the axial planes of
the first-generation of folds in the Ordovician shale exposed
below and to the west of the Champlain thrust fault (Fig. 4). As
the trace of the thrust fault is approached from the west this
cleavage is rotated eastward to shallow dips as a result of westward movement of the upper plate (Fig. 4). Slickenlines, grooves,
and prominent fault mullions on the lower surface of the dolostone and in the adjacent shales, where they are not badly
deformed by younger events, indicate displacement was along an
azimuth of approximately N60°W (Fig. 4; Hawley, 1957; Stanley
and Sarkesian, 1972; Leonard, 1985). The SI cleavage at Lone
Rock Poin t is so well developed in the fault zone that folds in the
original bedding are largely destroyed. In a few places, however,
isolated hinges are preserved and are seen to plunge eastward or
southeastward at low angles (Fig. 4). As these Fl folds are traced
westward from the fault zone, their hinges change orientation to

the northeast. A similar geometric pattern is seen along smaller
faults, which deform SI cleavage in the Ordovician rocks west of
the Champlain thrust fault. These relations suggest that Fl hinges
are rotated towards the transport direction as the Champlain
thrust fault is approached. The process involved fragmentation of
N

Figure 4. Lower hemisphere equal-area net showing structural elements
associated with the Champlain thrust fault. The change in orientation of
the thrust surface varies from approximately N20°W to NI 4°E at Lone
Rock Point. The orientation of SI cleavage directly below the thrust is
the average of 40 measurements collected along the length of the exposure. SI, however, dips steeply eastward in the Ordovician rocks to the
west of the Champlain thrust fault as seen at South Hero and Clay Point
where Fl hinges plunge gently to the northeast. Near the Champlain
thrust fault Fl hinges (small circles) plunge to the east. Most slickenlines
in the adjacent shale are approximately parallel to the fault mullions
shown in the figure.
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the FI folds since continuous fold trains are absent near the thrust.
Much of this deformation and rotation occurs, however, within
300 ft (I 00 m) of the thrust surface. Within this same zone the SI
cleavage is folded by a second generation of folds that rarely
developed a new cleavage. These hinges also plunge to the east or
southeast like the earlier FI hinges. The direction of transport
inferred from the analysis of F2 data is parallel or nearly parallel
to the fault mullions along the Champlain thrust fault. Stanley
and Sarkesian ( 1972) suggested that these folds developed during
late translation on the thrust with major displacement during and
after the development of generation I folds. New information,
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however, suggests that the F2 folds are simply !he result of internal adjustment in the shale as the fault zone is deformed by lower
duplexes and frontal or lateral ramps (Figs. I, 2). The critical
evidence for this new interpretation is the sense of shear inferred
from F2 folds and their relation to the broad undulations mapped
in the fault zone as it is traced northward along Lone Rock Point
(Fig. I). South of the position of the thick arrow in Figure I, the
inferred shear is west-over-east whereas north of the arrow it is
east-over-west. The shear direction therefore changes across the
axis of the undulation (marked by the arrow) as it should for a
synclinal fold.
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STRUCTURES IN THE DOG RIVER FAULT ZONE
BETWEEN NORTHFIELD AND MONTPELIER, VERMONT
David S. Westerman
Department of Earth Science
Norwich University
Northfield, Vermont 05663

INTRODUCTION

The purposes of this trip are to examine the lithologic and structural character
of rocks exposed in the Dog River fault zone (DRFZ) along a traverse between
Northfield and Montpelier, Vermont, and in the process to better understand their
tectonic significance. The rocks exposed within the DRFZ have long been recognized
as significant from a stratigraphic standpoint, but recognition of their structural
character is recent. This author has done detailed mapping along only a IO-mile
section of the zone, but reconnaissance studies suggest that its structural character
is similar north to the Quebec border and south as far as Randolph, Vermont, a
distance of about 80 miles. Support for this work has come from the Vermont
State Geologist (Dr. Charles A. Ratte) and from Norwich University.
The location of the DRFZ (Figure 1) corresponds with a previously identified
geologic entity to which several names have been applied. These include the
"Richardson Memorial Contact" (RMC), a pre-Silurian/ Silurian boundary, the Green
Mountain Anticlinorium/Connecticut Valley-Gaspe Synclinorium transition, and the
Taconian Line (TL). For a variety of reasons, none of these names is entirely
appropriate for the regional structure to which they all refer.
The "Richardson Memorial Contact (RMC): Geologists working in Vermont
during the past several decades have recognized that Richardson and his associates
had identified a geologic boundary which could be traced the entire length of the
State (and beyond). For purposes of informal communication, this boundary has
been referred to as the RMC (Richardson Memorial Contact) with no implication as
to the nature of the boundary. Rocks on the western side of the boundary were
designated by Doll and others (1961) as the Missisquoi Formation of Ordovician
age, but Richardson and Camp (1919) considered these rocks to be of Cambrian age.
East of these "Cambrian" rocks, Richardson (1919) reported the identification by Dr.
Rudolf Ruedemann, State Paleontologist, Albany, N.Y., of numerous graptolites from
rocks of the Northfield and Waits River Formations. The ages of these fossils were
reported to be Lower to Middle Ordovician. Richardson's mapping led him to
conclude that this boundary was an erosional unconformity. Certainly, his
identification of what he considered a basal conglomerate in the Shaw Mountain
109

A-f'i

'

I

'

,, I

'

1

-

'

IL .,..

I

I

;; \

, -

I

'

•

I.

.

I 1-: i _I ~· /• .
'
'

\

I

I
I

I

,

•
•

I

I

.• . •... • . 1·.•..•.
\ ·"".
· ...

"

U · :·

2

\

~·

.

.

·~

...

:»

. ~.

.... E
.. : ·

. .0 · . .

u .. .

~
N

l/

'•

1

~

~

~
~
4j

0

20 Ml

0

20KM

. . r

Figure 1. Tectonic map of northern Vermont. Western half after Stanley and
Ratcliffe (1985). TK=Taconic klippe; Y =Lincoln Mountain and Green Mountain
basement; RMC=Richardson Memorial Contact; DRFZ=Dog River Fault Zone;
TL=Taconian Line (after Hatch, 1982); ML=Monroe Line
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Formation of Currier and Jahns (1941) strongly influenced his concl usion that this
boundary was an erosional unconformity.
The primary problem with calling this boundary a "contact" is the implication
of lithologic constancy along one side or the other, whereas formations on opposite
sides of the RMC change frequently as a result of tectonic imbrication. Locally,
conglomerates and crinoid-bearing, quartz-rich calcareous sandstones of the Shaw
Mountain Formation are in fault contact with various rocks of the Missisquoi
Formation, but most often the contact is between the dark gray slates and phyllites
of the Northfield Formation and the wide variety of units of the Missisquoi
Formation. Locally rocks of the Waits River Formation occur in contact with
Missisquoi units. All of these contacts are also invariably fault contacts, but where
the conglomerates are absent, the fine-grained rocks lack the lithologic basis for
assuming that they rest on an erosional unconformity. Instead, rocks of the
Northfield Formation appear to represent a distal facies of the Waits River
Formation, often containing turbiditic, fine-grained graded beds. lntraformational
conglomeratic horizons occur within rocks of the Northfield Formation, probably
representing submarine slide conglomerates, but they do not appear to be localized
along the western margin.
Pre-Silurian/Silurian Boundary: Currier and Jahns (1941) reported the
discovery of crinoidal limestone in the Shaw Mountain Formation near Northfield.
They concluded at that time that the rocks were of Middle Ordovician age, but
subsequent, more detailed studies have shown them to be most probably of Middle
Silurian age (Boucot and Thompson, 1963; Doll, 1984). These ·determinations are
supported by recent conodont studies (Denkler, K.E. and Harris, A:G., written comm.,
1986). They identified 3 Pa element fragments of Ozarkodina sp. indet. of
Silurian-Early Devonian morphotype and 1 P, 1 Sb, & 1 Sc element fragments of an
oulodontiform apparatus from a 73.2 kg sample collected on Winch Hill Road off
Route 12A just south of Lover's Lane (see Stop 10, this trip).
The interpretation of Currier and Jahns (1941) that the eastern Vermont
stratigraphic section started with the Shaw Mountain Formation above an
unconformity and continued up to the east with the Northfield Formation and the
Waits River Formation, was concurred with by others and was adopted on the
Centennial Geologic Map of Vermont (Doll and others, 1961 ). The recognition of the
Silurian age of the fossils from the Shaw Mountain Formation had been made by
the time of publication of that map. By accepting the assumption regarding the
stratigraphic section and by recognizing the age of the Shaw Mountain Formation, it
became widely popular to refer to the RMC as a pre-Silurian/Silurian boundary.
The assignment of an Ordovician age to rocks of the Missisquoi Formation
(includes the Moretown Formation of Cady (1956)) on the western side of the RMC
is very tenuously tied to a long distance correlation with fossiliferous rocks in
Quebec. At this stage there is no reason to assume that an age assignment of
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Ordovician is incorrect, but it is important to remember that it is an assumption.
rather than an established fact. Regarding the age of the rocks of the Shaw
Mountain Formation, all evidence suggests that the assignment of a Middle Silurian
age is correct. The problem with referring to the name of the boundary in question
using ages of rocks stems from newly reported graptolite data (Bothner and Berry,
1985; Bothner and Finney, 1986) which suggests that at least parts of the
Northfield, Waits River and Gile Mountain Formations are of Ordovician age. If
these age determinations hold up to further scrutiny, then the discontinuous lenses.
of the Middle Silurian Shaw Mountain Formation may be sandwiched between
packages of older rocks and the RMC would only very locally be a pre-Silurian/
Silurian boundary.
Green Mountain Anticlinorium/Connecticut Valley-Gaspe Synclinorium
Transition: Cady (1960a, 1960b) and Doll and others (1961) popularized the
notions that much of the western half of Vermont is anticlinorial in character (with
the Precambrian basement of the Green Mountain massif having been uplifted and
its previously continuous cover removed by erosion), while the eastern half of the
State is synclinorial in character (a folded basin presumably resting on the same
basement as is exposed to the west). Stanley and Ratcliffe (1985) have quite
successfully replaced the simplified notion of a breached anticlinal structure with
an elegant model in which the dominant structures are westward directed thrusts
(Figure 1), but no such solution has been developed for the complex structures
within the Connecticut Valley trough.
The sedimentalogical and structural history of the Connecticut Valley rocks is
still uncertain. Hatch (1986; this volume) has suggested that the pelitic rocks in the
section (including the Northfield Formation and the Meetinghouse Slate) may be
the youngest. This would create a situation in which the rocks in the core of the
belt are oldest and those on the margins are youngest - an anticlinorial structure
rather than synclinorial. Both the western margin (Westerman, 1985) and the
eastern margin (Hatch, 1985; this volume) of the CV trough are recognized as fault
zones, but the senses and extents of motion in these zones remain to be fully
studied.
The Taconian Line: Cady (1960b) described the Connecticut Valley synclinorium as being bounded on its western margin by the Taconian unconformity
which would correspond to what has been described above as the RMC, a
pre-Sil/Sil boundary and the GMA/CV-GS transition. Cady concluded from his
studies ·that the rocks west of the boundary had experienced the Taconic orogeny
during Ordovician time while the rocks east of the line, being Silurian or younger in
age, had not experienced that orogeny. Hatch (1982) used stratigraphic, structural
and metamorphic bases to define this line which he named the Tacon~an Line.
Hatch's work preceeded the recent reports of Ordovician graptolites in rocks from
southeastern Quebec within the CV-GS (Bothner and Berry, 1985) and from the
Montpelier area in the Northfield and Waits River Formations (Bothner and
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Finney, 1986). It also preceeded recognition of the extent of strain which has
occurred along that line in central Vermont.
It is significant to note that radiometric dating of metamorphic minerals, the
method used for assigning ages to metamorphic and orogenic events in western
New England, has not produced Taconian ages from rocks of the Moretown
(Missisquoi) Formation (see Sutter and others, 1985; Jo Laird, person. comm.,
1987). This opens up an additional possibility, namely that the rocks of the
Moretown Formation belong on the eastern side of the conceptual Taconian Line.
No evidence as yet been found in central Vermont by this author to indicate that
rocks of the Moretown Formation experienced more orogenic activity that did those
of the Northfield and Waits River Formations (Westerman, 1987). Osberg and
others (1971) and Hatch (1975) reported small folds in rocks of the Moretown and
Hawley Formations on the west side of the TL which have not been found on the
east side. Although these folds are rare and not large enough to effect the map
pattern at a scale of 1:24,000 (Hatch, 1982), Osberg and Hatch suggest that they
represent pre-Silurian (i.e. Taconian) deformation.
STRATIGRAPHY

The earliest detailed mapping in the Dog River Valley was done by Richardson
and Camp (1919). They reported as one of their reasons for selecting the area for
study to be that "it falls in the line of the erosional unconformity between the
Upper Cambrian and the Ordovician formations represented in the eastern half of
the State". The next generation of study of these rocks was organiZed by Richard H.
Jahns (Currier and Jahns, 1941; White and Jahns, 1950). It was the work of Jahns
and others that provided the location of geologic contacts in the Barre West 15'
quadrangle for the Centennial Geologic Map of Vermont (Doll and others, 1961). At
the time of publication of the Centennial map, the rocks of the area were all
assigned formational names. The age of each formation was thought to be known
based on either 1) local fossils, 2) correlation with fossiliferous rocks elsewhere
(generally along strike to the north in Canada), or 3) presumed stratigraphic
relations with adjacent, although perhaps tenuously dated, formations.
The most recently published map of the study area remains that of Doll and
others (1961) and Figure 2 shows the distribution of formations as they are
represented on that map. In their interpretation, the geologic section shown here
started far to the west at the basal unconformity of the Paleozoic section resting on
the Grenville basement. It has younged eastward through the Cambrian section,
here reaching the Missisquoi Formation (Ordovician). The members of that
formation include the Moretown member at the base (west) containing two
horizons of carbonaceous phyllite and slate. Capping that member are the Harlow
Bridge Quartzite and the Cram Hill member. All of these rocks are reported
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throughout the literature to be of Middle Ordovician age, based on correlation with
fossiliferous rocks of the Magog Group in the Eastern TO\ynships of Quebec (Cooke,
1950; Berry, 1962). The Missisquoi Formation is shown in Figure 2 af~er Doll and
others (1961) to be unconformably overlain by the conformable sequence of
discontinuous Shaw Mountain Formation, the Northfield Formation and the Waits
River Formation.
Results of more recent mapping are shown in Figure 3 in which the basic
structural character of the DRFZ can be seen. A braided pattern of fault traces has
been produced by the imbrication of various slices within the zone. This same
pattern can be seen at individual outcrops, in hand specimens, and in thin sections.
The only formational contacts that. appear to be depositional are those between the
Northfield, Turkey Hill and Waits River Formations. The lithologic character of each
of the mappable units in the study area is briefly discussed below. The members
of the Missisquoi Formation of Doll and others (1 961) shown in Figure 2 have been
remapped in part with some names being dropped and others added. All the
subdivisions of that formation are here informally given formational status. The
lithologic character of each of the mapped units is discussed below.
Moretown Formation: Cady (1956) named this unit based on mapping in the
Montpelier quadrangle. Where shown on Figure 3, it is composed primarily of
interbedded, blue-greenish gray quartzite and phyllite. The quartzites commonly
exhibit well-developed pressure solution laminae. Also included here are
carbonaceous phyllites and slates which occur as discontinuous lenses within the
chloritic quartzites, but their distribution lacks the continuity or regularity shown
in Figure 2. More detailed mapping will allow these rock types tO' be shown as a
separate unit. Greenstone dikes are also present in the Moretown Formation, along
with a variety of metamorphosed volcanic and volcanoclastic rocks.
Harlow Bridge Quartzite: This unit consists of massive, buff weathering beds of
pale green quartzite containing minor interbeds of greenish-gray phyllite. Bedding
thicknesses are typically greater than 15 cm and often approach 1 m. Locally
associated are pyrite-spotted, medium-grained granulitic greenschist dikes
composed primarily of chlorite, albite, epidote and quartz.
Dog River Formation: This formation replaces most of the rocks in the southern
half of the study area mapped as Cram Hill member by Jahns and shown as such on
the Centennial Map of Doll and others (1961). Non-volcanic, rusty-weathering
quartzites and gray phyllites dominate the formation. Bedding is commonly
preserved in these rocks but is often dismembered on well-defined shear planes
which parallel the axial planes of drag folds. Thicknesses of beds range from a few
centimeters up to 1.5 meters, and quartzites dominate over phyllite more
commonly than the reverse. This may well be due to the greater resistance of
quartzite-rich zones and their tendency to form outcrops. At two locations within
the main belt of this formation, thinly bedded "limestone" occurs with muscovite115
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Figure 3. Geologic map of the Dog River Valley
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rich quartzites. To the north this same assemblege is exposed is a faul t-bound slice
of the Dog River Formati on withi n the West Berlin Formation (Figure 3).
\Vest Berlin Formation: In the northern half of the study area, much of the
area previously mapped by Jahns as Cram Hill member is here designated the West
Berlin Formation. These rocks are dominantly intermediate and mafic
metavolcanics (commonly porphyri tic) along with light green metaquartzites and
phyllites similar to those found in the Moretown Formation . Ankeritic greenschist
is a common lithology in this formation and is thought to be restricted to it. These
rocks weather with a characteristic thick, brick-red rind over a partially weathered
orange horizon.
Zones of severe strain in this formati on are common and are characteristically
deeply weathered with pinkish-buff colors. Mineralogy and textures are highly
variable, and "out of place" lithologies tend to show up in these zones. These
include some talc-bearing rocks and brecciated zones (occassionally quartz rich).
Crosstown Road Formation: Greenschists in this formation lack ankerite and
weather to a greenish color. They are composed mostly of plagioclase, chlorite,
epidote and calcite and occasionally have porphyritic textures. An irregularly
shaped plug of metagabbro is included in this unit and has overall chemical
characteristics similar to the surrounding greenschists. The formation does not
include quartzites and phyllites as do the other units described above.
Irish Hill Road Formati on : These rocks are predominantly of pyroclastic and/or
volcanoclastic origin and are locally interbedded with light green quartzites and
dark gray phyllites. The volcanic rocks are quite readily recognized by their
blue-green color and well-developed schistosity, and the frequent presence of 1-2
mm crystals of blue quartz and white plagioclase. Quartz streaks 0.5 mm wide and
several mm long are common where the rocks are strongly sheared. Sharp contacts
between various lithologies of this formation probably reflect original bedding.
This layering typically parallels cleavage, but in some cases the layering shows
considerable deform ation and dismemberment by shear.
Shaw Mountain Formation: The two diagnostic lithologies found in this
formation are quartz-pebble (cobble) conglomerate, and crinoidal, calcareous, white
quartz metasandstone. Pinkish-buff weathering, calcareous quartzites are also
common but their similarity to some rocks of the Dog River Formation make them
less diagnostic. Currier and Jahns (1941) previously included felsic tuffs in this
formation, but those rocks are now recognized as mylonites derived from the other
lithologies of the formation. These yellowish-white schists consist almost entirely
of quartz and muscovite, making an igneous origin unlikely. Textural variations
grade through the full range from very fine-grained schists to only moderately ·
deformed conglomerates.
Northfield Formation: Dark gray slates and phyllites dominate this formation.
Where pyrite is absent and the texture is slatey, the rock has been quarried for
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shingles and other construction products. Many areas, in particular along the .
western margin of the formation, are characteristically phyllitic and typically
crenulated. Bedding is commonly seen, particularly on glacially scoured surfaces
and quarry walls. Silty beds, often with sandy bases and pelitic tops, have been
found throughout the formation. Brown weathering, calcareous sandy beds are
rare. Several horizons of intraformational conglomerate have been observed in the
old quarries, most notably in the quarry north of the Norwich University ski slope
and the quarry on the north side of Lover's Lane just west of Route 12.
Turkey Hill Formation: In the southern half of the study area there is a
mappable unit separating the Northfield Formation from the Waits River
Formation. The field criteria for recognizing this unit are the presence of
brown-weathering, calcareous metasandstone and the absence of the "punky
brown" limestones which characterize the Waits R~ver Formation. The phyllitic
beds in this formation are indistingishable from those in the adjacent formations.
Bedding thicknesses are generally thin, unlike the thick beds typical of the Waits
River Formation. The gradational character of the Turkey Hill Formation suggests
that its contacts are depositional.
Waits River Formation: Dark gray phyllites, brown-weathering, calcareous
metasandstones, and dark brown, punky "limestones" are the three lithologies
which characterize this formation. Bedding is generally measured in 1O's of
centimeters, and is usually readily observed. The word limestone is here in
quotation marks because it is actually a calcareous metasandstone probably
representing calcareous flysch with the calcite having been derived as detritus.

STRUCTURE
Structural relationships in the study area are most quickly reviewed by
examining the map view presented in Figure 3 and the stereograms shown in
Figure 4. The stereograms show at a glance that all of the structures are
geometrically related to the orientation of the DRFZ. The N23E trend of that zone
with the steep westerly dips of the fault surfaces defines a plane to which all other
structures can be related.
Bedding: Bedding is common in most of the formations of the study area but is
generally not recognized in the greenschists and greenstones of the West Berlin and
Crosstown Road Formations, or in the conglomerates of the Shaw Mountain
Formation. From a structural perspective, it is important to note that nowhere
have individual beds been traced between outcrops. At most large outcrops,
bedding in all formations is commonly dismembered by shear at shallow angles to
the plane of bedding.
Orientations of bedding are typically somewhat east of north with steep
westerly dips (Figure 4A). Significant variations from the dominant trend
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Figure 4. Equal area projections of structural elements. A - poles to bedding;
B - poles to pervasive cleavage; C - poles to spaced cleavage; D - lineations
including elongated minerals and clasts, cleavage intersections, and fold axes
of crenulations; E - all fold axes; F - poles to fault surfaces; #
measurements lower left; % contours lower right
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represent measurements in the limbs or on the crests of folds . Bedding tends to
parallel the major and minor fault traces of the DRFZ. This may be the result of
either rotation of bedding during faulting or development of faulting parallel to the
bedding orientations. Exceptions to the general parallelism of bedding and the
dominant regional structure are local, such as in the noses of dismembered folds of
quartzite.
Pervasive cleavage: Nearly all of the rocks in the study area have a pervasive
foliation derived from the preferred orientation of platey minerals. Massive
quartzites, containing only minor muscovite and chlorite, have only weak foliations,
but foliation is well developed in most rocks. Even the quartz-pebble
conglomerates of the Shaw Mountain Formation have a strong foliation as a result
of both the significant muscovite content in the matrix and the preferred
orientation of the distorted pebbles. The pervasive cleavage shows a more
constant orientation than does bedding (Figures 4A and 4B), reflecting that it is
axial planar to the large-scale folds in the beds.
Exceptions to the presence of a pervasive foliation are restricted for the most
part to some fossiliferous layers in the Shaw Mountain Formation. Here the
cleavage parallels the pervasive regional trend, but is spaced. Crinoid columns are
well preserved locally, apparently having been located between shear surfaces
which absorbed the strain. Their existence brings to mind the image of the
composed gentleman in the Colt 45 advertizement, seated at his floating table ari.d
contented by his beer at hand, heading for the top of the waterfall.
Rare folds in the Northfield and Moretown Formations suggest that the
pervasive cleavage does not everywhere represent the earliest cleavage. What
appears as an older cleavage surface has been observed in isoclinal folds
paralleling the tightly folded bedding. It is because of these observations that
neither the s0 1 2 or Sn n+ 1 n+2 notation is applied here.
' '
'
'
Spaced Cleavage: A spaced cleavage is common in rocks thoughout the study
area except in many of the rocks of the shear zones. This spaced cleavage tends to
dip less steeply (to the west) than does the pervasive cleavage, and strikes tend to
be more easterly (Figure 4C). Most of the measurements used to construct Figure
4C are of spaced cleavage associated with crenulations. Orientations of this
cleavage are similar in all of the formations, but the sense of motion indicated by
the geometry of the associated crenulations is not consistent. Indications of
motion with a west over east sense are dominant. Also represented in Figure 4C
are both closely spaced, near vertical fractures probably_ associated with the
high-angle faulting of the DRFZ, and some nearly horizontal spaced cleavage.
The age of the spaced crenulation cleavage is constrained. It must postdate the
juxtaposition of all of the units since it is present in them all with the same
orientation, but it must predate the bulk of the shearing since it is commonly
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absent in many of the fine-grained papery rocks of the shear zones. It is
interesting to speculate that the spaced cleavage may be the product of a stress
fi eld in rocks which failed to "let go" and deform by pervasive strain and faulting .
The similarity in orientation of crenulation fold axes, small-scale asymmetric fold
axes, pervasive and spaced cleavage intersection lineations, mineral lineations in
sheared pyroclastics, and long axes of pebbles (Figure 4D) suggests that all these
structures either formed in the same stress field or have been rotated into their
current orientations by movement in the DRFZ.
Folds: Folds identified to date include only those seen in individual outcrops.
No folds have been recognized as mappable structures at a scale of 1:24,000. In
most cases where outcrop size exceeds several meters, folds are observed to be
dismembered by shear parallel to their limbs . As noted earlier, a few isoclinal
folds have been fo und in the Moretown and Northfield Formations in which it
appears that an early cleavage parallels the bedding and has been folded along
with it. This suggests that the isoclinal folds observed are a second generation of
such folds, the axial planes of which are parallel to both the bedding and the
pervasive cleavage of the region.
Asymmetric, small-scale folds have axial plane orientations parallel the spaced
cleavage noted above. They are simply a "blow up" of the crenulations described
above and their fold axes nearly parallel the intersection lineation of the pervasive
and spaced cleavege throughout the region. Figure 4E shows the orientations of all
generations of fold axes in the stuMy area.
Faults: Most of the rocks exposed in the Dog River Valley between Northfield
and Montpelier have been deformed to some extent by faulting. The main traces of
the faults in this zone occur in a belt about 1 mile wide, referred to in this paper as
the Dog River fault zone (DRFZ). The zone is located geologically between the
Moretown Formation on the western side and the Northfield Formation on the
eastern side. Caught in the DRFZ are the rocks of the Dog River, West Berlin,
Cros stown Road, Irish Hill Road, and Shaw Mountain Formations. Orientations of
the faults in this zone are concentrated around N23E, 81 W, with a second
concentration near N51E, 85W (Figure 3 and Figure 4F).
Within the DRFZ the range of deformation is extensive. At one extreme, crinoid
columnals are occasionally preserved in undeformed lenses of the Shaw Mountain
Formation, and graded beds can be found in rocks of the Dog River Formation. At
the other extreme, coarse, quartz-pebble conglomerates have been milled to
produce papery, yellowish-white mylonites previously identified as felsic tuffs
(Currier and Jahns, 1941).
Lineations of various origins are common in the sheared rocks of the DRFZ and
they consistently plunge moderately to the north (Figure 4D). This corresponds
with the measured orientations of deformed pebbles by Currier and Jahns (1941)
in the conglomerates of the Shaw Mountain Formation. Study of oriented thin
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sections of such sheared conglomerates show imbrication of lithons indicating west
over east movement. Rotated plagioclase crystals in sheared tuffaceous rocks of
the Irish Hill Road Formation show the same sense of motion. Crystals have
well-developed, asymmetric tails of quartz and fibrous chlorite. These studies,
coupled with the consistant northward plunges of other lineations, suggest that
movement in the DRFZ was both high-angle reverse and left lateral.
DISCUSSION
The first conclusion reached from this study is that the Connecticut Valley
trough in east-central Vermont is bounded on its western margin by a high-angle
fault zone. On the Geologic Map of Massachusetts (Zen and others, 1983) a
decollement surface is indicated for the same boundary, but in central Vermont the
most recent movement in the zone appears to have been west over east with a leftlateral component. Perhaps this surface 1) once dipped gently to the east, 2)
experienced westward thrusting, 3) was steepened by continued compression, 4)
rotated through vertical, and 5) experienced a reversal of the movement direction.
The second conclusion is that the idea of an erosional unconformity at the
western margin of the CV trough being overlain by a conformable stratigraphic
sequence of Shaw Mountain, Northfield, Waits River, etc. seems highly unlikely: It
is difficult to visualize a sedimentological succession from the lithologies of the
Shaw Mountain Formation to those of the Northfield Formation. Clean, coarse,
quartz-pebble conglomerates and crinoid-bearing "limestones" with abundant
white quartz sand suggest a near shore, locally high energy, shallow water
environment for the Shaw Mountain Formation. The morphotypes of the conodonts
studied by Denkler and Harris (written communication, 1986) indicate that they
"lived in a relatively shallow water, high energy environment". On the other hand,
rocks of the Northfield, Turkey Hill, and Waits River Formations have deep water
affinities as suggested by the thick turbiditic sequences and great volumes of
pelitic sediments. Fred Larsen (pers. comm., 1984) has puzzled over the lack of
calcite in the muddy tops of the thick, graded beds in these units. He speculates
that deposition occurred below the CCCD with the calcite in the sands being detrital
and preserved only because of rapid burial under the pelitic tops to the beds.
Whatever the actual depth of deposition, it was probably much greater than that
for the Shaw Mountain lithologies. The fact that contacts between Shaw Mountain
rocks and Northfield rocks are always faults supports the idea that these units
were deposited in different environments at some distance from each other.
After one eliminates the idea of a conformable stratigraphic sequence from the
Shaw Mountain to Waits River Formation, and recognizes both the deep, quiet
water environment for the Northfield Formation and faulted western margin to the
CV trough, there's not much reason to postulate the presence of an erosional
unconformity at most locations between these two terranes.
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I 0.1

Starting at the Commuter Lot on the west side of I-89 at the Northfield exit
(Exit 5), head left (east).
Tum left (north) on I-89. The outcrops between here and the first stop are
in the Waits River Formation. Note the characteristic colors of the wellbedded phyllites and calcareous metasandstones .
A thick horizon of phyllite is exposed al ong the west side of I-89 here.
The hills to the east are the Barre and Knox Mountain plutons.
The color change in the rocks on the right corresponds to the Taconian Line
of Hatch (1982)
Stop I: Park well off the road before the Exit 8 offramp. At the east end of
the large roadcut here are exposed the contacts between the Waits River,
Northfield, and Missisquoi Formation (of Doll and others, 1961). Permission
to stop here has been obtained from the Vermont Traffic Committee,
Department of Public Safety. Future users of this guide who choose to stop
here should anticipate being asked to move on immediately if they are
observed by the Vermont State Police.
Start at the east end of the outcrop in the Waits River Formation. The
brown weathering of the calcareous metasandstones is characteristic.
Observe the pinstripe spaced cleavage which truncates the more steeply
dipping earlier pervasive cleavage (possibly parallel bedding). Small-scale
faults here trend N40E, 55W, segregating zones showing the older
deformations. These faults show evidence of normal displacement.
The contact of the Waits River and Northfield Formations is obscured by
extensive faulting (N30E, 83W). The Northfield Formation is here only 75
feet thick and evidenc;e of structural features older than those of the main
fault zone has been obliterated. Younger faults are present trending
somewhat more easterly than the main zone and dipping moderately to the
west. Abundant lenses of quartz are mixed in with the rocks of the
~orthfiel d Formation and have been faulted by the youngest faults.
The contact between the gray-black shiny phyllites of the Northfield
Formation and the green rocks of the Missisquoi Formation is a fault, and the
green rocks are strongly mylonitic in character. A laminar texture gives
these rocks a gneissic appearance along the eastern margin of the unit.
Further west, the rocks are still granulitic but lack the gneissic texture. The
300-foot section of light green schists and granulites has been cut by
numerous faults which parallel the pervasive fabric and dip steeply to the
west. The younger faults described in rocks to the east are present here as
well.
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10.2

11.1
11.5
13.9

14.4

14.7

Exit the interstate, slowly turning north and eventually east. The rocks here
are undifferentiated lithologies of Cady's Moretown Formation (1956) and
Doll and others' Missisquoi Formation (1961).
Continue straight at the lights, now driving east on Route 2. Cross the TL.
Turn south on Route 12, heading toward Northfield.
Tum left on a gravel road. Cross the Dog River and bend right (south),
staying as close to the river as you can.
Stop 2: Stop at the steel gate and walk west to the river's edge. Outcrops in
the small stream and north along the shore of the Dog River are phyllites of
the Northfield Formation. After examining these rocks, work your way
westward across strike. You will see that pale, rusty mylonites (apparently
derived from a quartz-rich source) separate the main outcrop belt of the
Northfield Formation from fault-bound slices of that unit further west at the
water's edge. These slices of Northfield even include minor calcareous
metasandstone beds, indicating the potential for such structures to survive
when located between shear surfaces which are accommodating the strain.
West of the slices of Northfield are mylonitic rocks of uncertain origin.
Currier and Jahns (1941) interpreted these rocks to be Shaw Mountain
lithologies, but they are probably severely altered products of the West
Berlin Formation since they occur elsewhere out in the main belt of that
formation. Just west of the main comer of the river is an outcrop containing
metamorphosed porphyritic andesite, mixed with the pale, ankerite-spotted
mylonites, supporting the association of these rocks with the volcanic
sequence of the West Berlin Formation.
Return to the cars, turn around and return to Route 12.
Turn left (south) on Route 12. Outcrops along the route here are primarily
metavolcanics and metasediments of the West Berlin Formation.

17.8+ Stop 3: Park on the right in the pullout area. A variety of rocks of the West
Berlin Formation are exposed in this area. At the northernmost outcrop to
the west (through the bushes) are micaceous, rust-spotted quartzites and
medium-grained greenschists. Further south and west (in the open pit) are
folded metasediments, greenschists, and intermediate porphyritic flows, sills,
or dikes. The small asymmetric folds seen here ~e characteristic of the
rocks throughout and adjacent to the DRFZ. 9n the south side of the entry
road to the quarry is ankeritic greenschist with the characteristic thick,
brick-red weathering rind.
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Key to Letter Symbols
nf
Northfield Formation
er
Crosstown Road Formation
wb
West Berlin Formation
dr
Dog River Formation

,..
I

18.0
19.0
19.1

Continue south on Route 12, cross the tracks, and cross the bridge.
Tum left (east) onto Crosstown Road.
Tum right and drive up Parker's driveway.
Stop 4: Park along the side of the driveway, walk east across the field about
200 feet and then south uphill to the boxed in end of the field. Just into the
woods at the southwest comer of the field is an outcrop of dark gray phyllite
of either the Dog River Formation or possibly the Northfield Formation as a
slice caught within the DRFZ. Outcrops to the west are convincingly Dog River
Formation, but here the phyllite lacks the characteristic rusty weathering
habit of that unit. Just to the east, under an uprooted tree, is ankeritic
greenschist of the West Berlin Formation. This lithology underlies the width
of the field.
At the southeast comer of the field is a woodsroad heading off to the south
and roughly paralleling the eastern contact of the somewhat out-of-place
slice of West Berlin Formation. East of the road, where the elevation begins
to rise sharply, are outcrops of the Crosstown Road Formation. These include
greenschist (non-ankeritic) and green metatuffs, as well as a small plug of
metagabbro (about 600 feet from the field). Depending on the time
available, a walk down the woodsroad to a dry stream valley just before the
next field (1500 feet) will allow examination of an enigmatic rock which
appears as a sheared conglomerate with a chloritic matrix. Conversely, it
may represent a brecciated, sheared, and recrystallized quartz vein.
Further to the east are exposures of the Northfield Formation. A common
characteristic of this contact is an abundance of massive vein quartz, present
both as isolated outcrops and as boulders.

Return to the cars and retrace your route back to Route 12.
20.1+ Tum right (north) onto Route 12.
20.4 Tum left, uphill on a gravel road.
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Key to Letter Symbols
nf - Northfield Formation
sm
Shaw Mountain Formation
ih
- Irish Hill Formation
dr
Dog River Formation
hb - Harlow Bridge Quartzite
mt
Moretown Formation

21.4+ Stop 5: The outcrop is in a triangle of the road on the right side and is
partially painted blue. It consists of thickly bedded metaquartzites of the
Harlow Bridge Quartzite with metapelitic interbeds. An arguement can take
place here over the facing direction of the beds.
Continue (south) on the gravel road.
21.5 Turn left (east) on a gravel road.
21.7- Cross the bridge. Large outcrops of thinly bedded metapelites and
metasiltstones are exposed below with abundant well-developed,
asymmetric folds.
21.7+ Cross the railroad tracks. The first outcrop exposed to the north along the
tracks is an isolated slice of Harlow Bridge Quartzite. Turn south on Route
12.
22.0 After passing Ellie's Market on your left, turn left (east) on the gravel road
known locally as Irish Hill Road (also Darling Hill Road).
22.6

Stop 6a: The western contact of the Irish Hill Road Formation is exposed on
the east side of the road where the road begins to flatten. There is a small
turnaround on the left side just above the outcrop. At this contact the Irish
Hill Road Formation is strongly sheared with the most recent movement in a
plane oriented N36E, 84W. A well-developed lineation in that plane comes
from the streaking of blue quartz crystals, now oriented 61, N3E. Plagioclase
crystals show the development of pressure shadow tails of mosaic quartz,
oriented such that a west over east sense of rotation is indicated. This
development of northward plunging lineations and slip with a reverse sense
of motion is consistent throughout the fault zone. It is interpreted to
indicate that the faulting included a component of left-lateral motion.
Drive back downhill. Note the saprolitic outcrops on your left (east).
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Stop 6b: Park on the left (east) side of the road. Walk east up the path to
the power line. In this immediate area there are two major fault traces. One
separates Northfield phyllites from Shaw Mountain lithologies (east edge of
the power line), and the other separates the Shaw Mountain rocks from
sheared pyroclastics of the Irish Hill Road Formation (west edge of the power
line). In the small brook at the east edge of the power line are dark gray,
mylonites derived from Northfield lithologies but containing late, rhombic
carbonate crystals which are filled with oriented inclusions of the minerals
of the mylonitic fabric.
On the west side of the power line and south of the brook are outcrops of
the Shaw Mountain Formation. These include muscovite-ankerite-quartz
schist exposed in the power line clearing. The carbonate crystals in the
schist postdate the development of the mylonitic fabric since they are
undeformed and contain fine-grained, oriented inclusions. Conglomerate is
exposed to the west in the edge of the woods. Deformation there has been
primarily brittle with extensive recrystallization. Fabrics seen in thin section
indicate a reverse sense of motion on the westerly dipping surfaces.
Back to the north along the edge of the power line and downstream in the
brook valley are various rocks of the Irish Hill Road Formation. Many
contain the blue quartz and white plagioclase crystals that serve as the
diagnostic characteristic of the formation. Dismembered folds in these rocks
are well preserved and strain indicators confirm the west over east sense of
motion recorded elsewhere.
/
•
•

Return to cars, retrace your route to Route 12.
23.3 Tum left on Route 12.
N
24.5 Tum left (east) on Davis Ave.
The road bends south.
24.7+ Bear left at the fork.

1

Key to Symbols
nf
Northfield Formation
sm
Shaw Mountain Formation
conglomerate
ih
Irish Hill Road Formation
dr
- Dog River Formation

.

.

.
•

IH

•

•

I

SM

F
/

•

I

,
NF

I

fossil locality
- foliation trend

I

.:'1

woodsroad
7

129

••

0

1000
Feet

\

Y; ,

A-6

24.9

Stop 7: Park on the left (north) side just before the power line. Walk uphill
under the power line, following the woodsroad. The first cliff on the east
side is an exposure of coarse, quartz-pebble conglomerate of the Shaw
Mountain Formation. Sheared phyllitic rocks of the Dog River Formation are
exposed in the fields to the west. Continue up the woodsroad to where it
leaves the power line and forks. Go straight and follow a clockwise loop to
examine the various lithologies and structures exposed in this area.
Calcareous metaquartzites are exposed in the woodsroad on the way up the
hill. They weather to a characteristic rusty-orange color and often have a
strongly developed foliation. At the north end of the loop, just before the
road make a sharp comer back to the southeast, strongly sheared rocks
characteristic of the Irish Hill Road Formation are exposed in the road. They
appear to be have been translated to that location in a fault zone. Note the
Blue quartz grains in these rocks. Continue, noting the large outcrop of
conglomerate on the south side. When you will reach a junction with a
branch of the woodsroad coming in from the northwest, take it and locate
the small quarry of rusty conglomerate on the south side of the road.
Varying degrees of strain are exhibited in this quarry, and the foliation of
the muscovite-rich matrix of the conglomerate is well developed. Sulfide
mineralization is predominantly pyrite here. Also noted is a emerald-green
mineral occurring in very small crystals (fuchsite?).
Return to the woodsroad, continue downhill a few paces, and then move
northward to the white outcrops of "limestone". Crinoid fossils are present in
here in calcite-rich metasandstones.

Return to the cars and retrace your path to Route 12.
25.5+ Tum left (south) on Route 12.
26.9+ Tum right (west) at the blinker. Drive west around the commons to the
southwest comer and head west on Wall Street.
27.1

27.2
28.1
28.4

Stop 8: Park on the right, opposite the small parking lot of the TDS Company.
Walk south across the road to the outcrops exposed behind the parking lot.
These rocks are located within a broad zone of shearing in the Dog River
Formation. Dismembered folds of quartzite are common here, as are braided
fabrics. Note the characteristic relationship between the pervasive cleavage
oriented N19E, 72W and the spaced cleavage oriented N42E,57W.
Continue west on Wall Street.
Tum left (south) on Water Street. The road turns to gravel.·
Bend right (west) and up hill.
Tum left (south) on a dirt/gravel road.
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Stop 9: Park here at Dole Farm. The outcrop to examine is located 400 feet
south, just east of the edge of the field. Exposed here are pale green
quartzites and associated phyllites characteristic of much of the eastern
portion of the Moretown Formation. The variation in thickness of a massive
quartzite bed here may represent either a channel fill or a tectonic feature.
Don't forget to look up and enjoy the view.

Return to the cars and retrace your route toward town.
30.4 Turn right (east) on Wall Street. Cross the Dog River, the railroad tracks, and
drive east along the south edge of the commons.
30.6 Turn right (south) on Route 12.
31.3 Pass the main campus of Norwich University.
31.6 Bear right (southwest) on Route 12A.
32.4+ Turn left (east) on Lover's Lane.
32.6

Stop 10: Park on the right in the turnout area. This traverse starts in the
rusty-weathering, dirty quartzites and phyllites of the Dog River Formation
exposed at the roadside just east of the turnout. Continuing east you cross a
belt of calcareous quartzites. These rocks are not exposed along the road,
but study of outcrops north of Sunny Brook shows general homogeneity
across it. The exception is an increased degree of deformation along the
western margin. Fossiliferous rocks found by Currier and Jahns (1941) are
located on strike to the south on Winch Hill Road. That is also the location of
the sample from which Denkler and Harris have recovered and identified
conodonts (see page 111).
At the east edge of the calcareous quartzite belt is a fault zone, partially
exposed in a small driveway off the south side of Lover's Lane. Some of the
rocks here in the fault zone appear out of place, being most similar to
volcanics found further to the north.
Continuing east along Lover's Lane, note the large boulders of
conglomerate on the south side of the road. These boulders are typical
textural representatives of moderate deformation of this lithology. The next
outcrop at roadside is severely deformed conglomerate. Here the rocks are
very rusty on weathered surfaces but nearly white on fresh surfaces. They
have a splintery and papery habit, representing what Currier and Jahns
(1941) mapped as papery, felsic tuffs. Careful examination shows unmilled
eyes of quartz preserved in these mylonites. Oriented thin sections show
imbrication of wedges with fabrics indicating a west over east and
left-lateral motion. The results of partial recrystallization of quartz clasts by
pressure solution are commonly preserved. Less deformed conglomerates
are exposed in the woods just east of the fine-grained mylonite zone.
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Walle east on Lover's Lane across the notch in the hillside. Note the Jlalf
dozen or so spring houses located in this zone. Calcareous quartzite, perhaps
connected to one of Currier and Jahns' fossil localities, is exposed on the
north side of Sunny Brook. The first outcrops of the Northfield Formation
phyllites exposed along the road are located just before the comer, and they
show little or no evidence of the faulting nearby. Bedding is preserved with
silty and calcareous sandy beds present. Other outcrops of Northfield occur
back to the west in the stream and constrain the location of the contact.
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GEOLOGIC MAP OF THE· LOVERS LANE AREA
Return to the cars and .................. .
END OF TRIP
If you have left cars at the commuter lot up at Exit 5, drive east on Lover's
Lane to Route 12, cross Route 12 and drive east on the Gen. Harmon access
road up toward I-89. You will have driven through the Northfield
Formation, the Turkey Hill Formation, and into the Waits River Formation.
Several post-metamorphic mafic dikes are exposed in the new road cuts of
this traverse.
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B- 1
METAMORPHIC VEINS IN THE PALEOZOIC ROCKS OF CENTRAL
AND NORTHERN VERMONT
James R. Anderson
Department of Chemistry, Arizona State University
Tempe, Arizona 85287

INTRODUCTION
The trip will examine the petrology and structural setting of metamorphic veins formed during
the Taconic and Acadian Orogenies in the Paleozoic rocks of central and northern Vermont. In the
Cambro-O rdovician rocks on the east limb of the Green Mountain anticlinorium In central
Vermont , four generations of veins with primary metamorphic assemblages are found. In the
Siluro-Devonian rocks of the Brownington syncline and the Strafford-Willoughby arch, two
prominent generations of metamorphic veins are present. For each vein generation, much of the
mineral growth apparently occurred as metamorphic grade was decreasing from the peak conditions
of the metamorphic event with which it was associated. Due to time constraints and the lack of
access to many of the best studied outcrops in the younger rocks (roadcuts on 1-89 and 1-91), the
trip will primarily focus on the metamorphic veins in the Cambro-Ordovician rocks.
The two major Paleozoic orogenic episodes each consisted of a sequence of tectonic events that
involved both deformation and metamorphic mineral growth. Various approaches have been used
to decipher the tectonic history of the region. Many studies have emphasized structural aspects,
others have been concerned with petrologic aspects, and some have tried to combine both. The
approach used here combines petrologic and structural evidence and attempts to tnake a direct
correlation of deformational ' and mineral growth features by using several generations of
promi nently developed metamorphic veins. Use of metamorphic veins in northern Vermont as
structural and petrologic markers was initially outlined by Anderson and A.lbee (1975).
The study of the polymetamorphic history of central Vermont by White and Jahns (1950) was
the first detailed work of its kind done in the study area. They and most others that followed relied
primarily on the sequence of superimposed deformational elements, in particular the sequence of
folds and s-surfaces. Cady (1969) summarized most of the other previous work in the area.
Mod ifications to the earlier views of the deformational history of northern Vermont have been
discussed by Albee ( 1972) and Anderson (I 977a).
·
The presence of more than one distinctly separate generation of metamorphic mineral growth
has Jong been recognized in the study area. Albee (1968) and Lanphere and Albee (1974)
established the presence of at least two generations, one or more generations of Ordovician age and
one or more of Devonian age. Laird (1977) and Laird and Albee (1981 a, 1981 b) have shown the
presence of multiple generations of amphiboles in the Paleozoic mafic schists of Vermont and have
used amphibole compositions to show differences in baric types of the different generations.
The interpretation of systematic compositional variation in chemically zoned mineral grains is a
central concern of this study. Zoning could have been produced by growth during changing
physical and/or chemical conditions or by solid-state diffusion after growth or by some combination
of the two. Systematic variation that is complex was most likely produced by growth over a period
of changing conditions (Anderson, I 977b).
All compositional data discussed were acquired on automated electron microprobes using
wavelength-dispersive spectrometers. Analytical and data treatment methods of this study have been
discussed by Anderson (1983).
Structural setting of the veins
The structural setting of the metamorphic veins area can be described by considering
orientation, form, size, and position within the sequence of superimposed deformational elements.
The younger vein generations, the least distorted by superimposed deformation, exhibit a variety of
forms including lens-shaped veins parallel to an axial-plane s-surface, en.. echelon gash veins, veins
which fill irregular pull-apart structures of several sorts, and sheet-likefracture-filling veins. One
vein generation may have several types of forms that vary in predominance from one part of the
area to another or vary locally with rock type.
Most of the major vein generations are
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geometrically related to s-surfaces, but the minor vein generations and one major generation are
not. This latter major generation of relatively undeformed veins is related to late mineral growth
in the host rocks. The minor vein generations have no apparent relationship to mineral growth in
the host rock and are almost invariably of very simple mineralogy, such as quartz only or quartz
and calcite.
Even for a single major vein generation considerable variability is observed in the proportional
relationships between the smallest dimension (the "width"), the intermediate dimension (not
appropriate for sheet-like veins), and the largest dimension. For veins parallel to an s-surface, the
smaller dimension is generally perpendicular to the s-surface. The largest dimension in many cases
is roughly parallel to hinges of folds related to the s-surface, but shear folding appears to be the
dominant fold mechanism and there is not always a clearcut relationship between one of the larger
vein dimensions and the fold hinges. Vein widths may be as small as 1-2 mm or as large as 1 m
or more. The other two dimensions have similar large variability and for the larger veins both may
extend beyond the limits of the exposed rock. The older vein generations are not uncommonly
highly deformed and consequently their original size, form, and orientation are difficult to
determine.
Some veins of each recognized generation can be shown to be discontinuous in extent on the
scale of a few tens of meters or less. Discontinuous veins are petrologically and texturally the same.
as veins of the same generation that cannot be shown to be discontinuous because the outcrops are
small or the veins very large. Veins of the major generations appear to be localized, isolated
features that grew in discontinuous tension fractures rather than elements in a large-scale
hydrothermal network.
The mechanics of the formation of metamorphic veins and tension fractures in general under
high confining pressures have been discussed by a number of authors (for example, Secor, 1969;
Beach 1975, 1977; Etheridge, 1983). The tension fractures in which the veins grow cannot form
when the differential stress exceeds some upper limit. Etheridge (1983) has estimated the upper
limit to be not more than 400 bars and probably closer to 100 bars for typical regional
metamorphic rocks. Therefore high relative fluid pressure, close to the confining pressure, was
required for vein initiation and growth.
.
The designation of the structural elements used here is not the standard system of s 1, S2. F},
and so on, in part because of the complications presented by the major unconformity in the midd e
of the study area between Ordovician and Silurian units. S1 on one side of the unconformity is not
equivalent to S1 on the other side. Also, in the standard system different types of structural
elements with the same subscript have no implied genetic relationship so that in dealing with
elements interpreted to be cogenetic, the discussion can get quite complex. For the description that
follows, letters are used as subscripts and those elements with the same subscript are, based on
geometric relationships, interpreted to be cogenetic or at least to all occupy the same position in
relative time as determined by their position in the structural sequence of superimposed elements.
The oldest group of elements are subscripted "a", the next oldest "b", and so on. This usage will
differ from the standard system if any group of cogenetic elements does not contain all types of
structural elements.
Examples from Stops in Cambrian and Ordovician rocks
Stops 1 through 4 (Fig. 1 and Itinerary) are in pelitic schists of the Hazens Notch and
Underhill formations, Cambrian in age, on the east limb of the Green Mountain anticlinorium. All
lie on the high-grade side of the garnet isograd mapped by Christman and Secor (1961). Stops 5
and 9 are outcrops of amphibolite of the Stowe formation, Ordovician in age, from the N-S
trending area of garnet-grade through sillimanite-muscovite-grade rocks that coincides with the
Worcester Mountains (Cady, 1956; Albee, 1957, 1968; Anderson, unpub. data).
Stops 1-4: Structural Sequence
The structural sequence at Stop 1 is a good starti~g point for discussion. The oldest secondary
s-surface is a highly deformed schistosity, Sa, that at some locations is parallel to original
compositional layering (a good example is at Stop 7). At Stop 1 the primary layering has been
obscured by metamorphism. Sa is not related to any small folds observed in the area. Parallel to
Sa are metamorphic veins that are generally not more than about 10 cm wide and of indeterminate
larger dimensions because of strong deformation. These veins, Va, are isoclinally folded by large
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and small tight folds to which the predominant schistosity, Sb, in the pelitic schists is axial-planar.
The isoclinal folds, Fb , have hinges that generally trend E-W within. Sb, but Sb and Fp are
deformed by younger folding so that the orientations of Sb and hinges of Fb are highly vanable.
Parallel to Sb and therefore axial planar to Fb are metamorphic veins, Vb. Superimposed on Sb,
F b· and Vb are asymmetric folds with N-S axial trends. These are Fe folds and have associated
with them an axial-plane slip cleavage, Sc. for which the degree of development varies considerably
in the outcrop. In this part of the study area, Sc slip cleavage is generally better developed on the
short limbs of the asymmetric F c folds than on the long limbs, but the rock type is also a factor.
Parallel to Sc slip cleavage and commonly within the axial regions of small F c folds are lens-shaped
veins, V c· The small F c folds appear to be related to the larger N-S fold structures of the Green
Mountain anticlinorium in this area (I avoid the unfortunate term "Green Mountain folds").
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Figure 1. Sketch map of the study area with stops indicated.
Sc cleavage and associated Vc veins are gently folded by open, asymmetric folds (F d) with N-S
to NNE-SSW axial trends. Fd folds are not visibly developed in all parts of the outcrop and vary in
development at nearby outcrops. At outcrops where the folds are better developed than at Stop 1, a
slip cleavage, Sd• is parallel to F d axial planes. Where present, Sd is superimposed on the nearly
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ubiquitous Sc slip cleavage. Unlike the other s-surfaces, Sd does not have any associated parallel
metamorphic veins. The absence of a vein set in this position of the structural sequence is
consistent throughout the studied area of Cambrian and Ordovician rocks in northern Vermont.
A fourth major vein generation, designated Ve• is found at Stop 3 and other nearby outcrops.
Ve veins crosscut all of the structural elements described above. Ve veins are not associated with
any s-surface or fold set but have mineral assemblages within them that are subsets of assemblages
of late retrograde minerals in the host rocks. The structural sequence for Stops 1-4 (also applicable
to 5-9) is summarized in part A of Table 1.
The superposition relationships among major vein generations is as clear as those among other
structural elements. The possibility that a vein parallel to an older s-surface, say Vb parallel to Sb•
could have formed at the same time as or later than a superimposed s-surface, say S , is ru·ted out
by the way in which the superimposed s-surfaces and folds affect the veins. All the fo~d generations
appear to have formed by mechanisms that mainly involved shear folding, so the presence of
tension fractures parallel to folded, pre-existing s-surfaces at high angles to the axial surfaces is
much less likely than would be the case if flexure folding were important.
Vein and host rock mineral growth at Stop 1 (location JR-5)
Hazens Notch schist at Stop 1 has the assemblage quartz, plagioclase, muscovite , chlorite,
epidote, apatite, ilmenite, pyrrhotite, and zircon with or without garnet, calcite, chalcopyrite,
tourmaline, and/or pyrite. Garnet is replaced to varying extent by randomly oriented grains of
chlorite with minor muscovite, most extensively in samples with best-developed Sc slip cleavage.
Chlorite and muscovite grains with preferred orientation parallel to Sc are in several samples.
Some of the grains have been rotated into this position by microfolding of the Sb schistosity and
some appear to have grown in this position, crosscutting the microfolded schistosity.
Veins of the three different generations have assemblages that are subsets of the assemblages of
adjacent host rocks. Important minerals in all three are quartz, plagioclase, chlorite, and minor
muscovite. One or more of the following may also be present in generally minor amounts:
ilmenite, apatite, pyrrhotite, calcite, and chalcopyrite. In Vb and Ye veins, secondary pyrite after
pyrrhotite and secondary muscovite and paragonite after plagioclase occur in minor but varying
amounts. The less deformed veins of the Vb and Vc generations generally have very coarse mineral
grains, up to 10 cm or more in greatest dimension, and lack the strong directional fabric that
typifies the schist. Many of the coarse grains of vein plagioclase are euhedral to subhedral, in
contrast to anhedral porphyroblasts in the schist. Vein chlorite grains are larger than grains in the
schist and lack preferred orientation; many are fan-like or accordian-like in form. By comparison to
the younger veins, the highly deformed Ya veins appear to have undergone substantial
recrystallization and grain-size reduction. Grain sizes and forms in Ya veins are more comparable
to those in the schist and also the platy minerals not uncommonly have preferred orientation parallel
to Sb.
Samples from a Vb vein - JR-5-A & JR-5-B
Sample JR-5-A includes the edge of the Vb vein and adjacent schist, whereas JR-~-B is from
the center of the vein. The vein assemblage is quartz, plagioclase, chlorite, muscovite, calcite,
ilmenite, apatite, pyrrhotite partly replaced by pyrite, and chalcopyrite. The contact between the
vein and schist is relatively sharp and is grossly parallel to Sb schistosity. The adjacent schist has
well-developed Sb schistosity but lacks Sc slip cleavage. The schist has an assemblage that includes
the vein minerals plus zircon and tourmaline. Modal abundances of the major minerals are very
different in the vein and adjacent schist.
Typical plagioclase porphyroblasts in the host schist in JR-5-A are anhedral and elongate
parallel to Sb in contrast to the euhedral and subhedral porphyroblasts in the adjacent Vb vein.
Schist porphyroblasts generally have three compositionally an~ texturally distinct zones; an example
of the compositional variation in one grain is shown Fig. 2a. The innermost core is nearly pure
albite (Ano 2 to Ani.1). next is an outer core of albite with compositions between Ani.5 and
A~J.9• surrounded by a sharp compositional and optical discontinuity, followed by outer rim with
compositions between An 2 i. 5 and An30. 7 . In some grains the rims and outer cores contain
inclusion trains that are sigmoidal in pattern, suggesting possible rotation during growth. The
overall compositional zoning of the grains is concentric and the anorthite content increases from
core to rim with a reversal in trend near the edges. The optical and compositional discontinuity
present in all porphyroblasts is parallel to the concentric zoning pattern.
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In the Vb vei n, plagioclase has ca lcic cores with zoning toward less calcic rims (Fig . 2b) .
Several grains in JR-5-B show increasing anorthite content from cores of about An 27 to about
An34 a few tenths of a millimeter away, followed by a reversal and a trend of decreasing anorthite
to rims of abo ut An t ,s· Some grains have thin albite rims, An1 .6 to An2. I• separated from grain
interiors by optica l disconti nuities. Such albite rims are found on grains from the center of the
vein, but not on grai ns fro m the vein edge .
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Figure 2. Compositional plots of plagioclase of (a) a single schist porphyroblast in JR-5-A, (b) all
analyzed grains in JR-5-B from a Vb vein, and (c) all analyzed grains in JR-5-L fn?m a Vc vein.
Chlorite in both the schist and vein of JR-5-A has a wide compositional range. The host rock
chlorite points fall into two compositional groups (Fig. 3a) that correspond to two different textural
settings. Points designated as Ma are from small chlorite inclusions within the inner albite cores of
the plagioclase porphyroblasts. The compositions shown as Mb come from chlorite grains in the
matrix around plagioclase porphyroblasts and from included chlorite in the outer albite cores and
oligoclase-andesine rims.
Analyzed points in Vb vein chlorite (Fig. 3b) have extensive
compositional overlap with Mb chlorite in the schist.
Relatively coarse grains of major minerals are present in many samples along the host-vein
interface. Coarse mineral growth or recrystallization that occurred in the original host rock
immediately adjacent to the tension fracture is termed here to be in the "vein margin". Some of
the vein margin grains also partially extend into the tension fracture. Vein margin growth is
texturally different than growth in what is termed here a vein "border zone". Border zones are
concentrations of certain minerals (variable from case to case) that have grown within the tension
fracture and abut the host-vein interface. It is common for Al-rich minerals to be concentrated in
border zones. A moderately well-developed border zone is present in the Vc vein discussed at Stop
1. Coarse euhedral to subhedral plagioclase grains, with minor chlorite, are concentrated in a
relatively narrow zone along the host-vein interface. Many veins do not have any border zone
developed and in those that do the zone is not necessarily developed everywhere along the host-vein
interface. The presence of minor minerals like zircon, graphite, and others in the host rock and
their absence in the vein help to locate the host-vein interface.
The most likely mechanism for the zoning in the schist plagioclase was the progressive
reaction of epidote with plagioclase to make more Ca-rich plagioclase over a period of slowly
increasing metamorphic grade. The apparent change in grade was probably due to increasing T
(with presumably increasing P1oad). but the same effect could have been produced by decreasing
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TABLE l. Structural elements in the study area
(equivalent elements line up horizontally)
Ordovician and Cambrian rocks
(north-central Vermont)

A.

Folds

ssurfaces

Veins

00

s-

Mineral
growth

Folds

Veins

s u r faces

C.

Mineral
growth

Structural element designation of
Anderson (1977a)

ssurf aces

Folds

Veins

Mineral
growth

Approx .
age, m.y .

--v;

Ma

osa

~

av:-

OM a

Fb (E-W)

vb

Mb

osb

OFb

ovb

OMb

440-460 *

Sc

Fe (N-S)

Ve

Mc

Sa

Fa (N-S to
NNE-SSW)

Va

Ma

DSa

Df'a

ova

DMa

380 ••

sd

Fd (N-S to
NNE-SSW)

--

Md
(minor)

Sb

Fb (NNE-SSW)

--

Mb

DSb

DFb

--

DMb

Ve

Mc

DVC

DMC

Sa

--

Sb

Ve

_.
w

Silurian and Devonian rocks
(northeastern Vermont)

B.

Me
Fd (NNE-SSW)

350-360 ** *

DFd

*

Lanphere and Albee (1974) and unpubl. data of M. Lanphere
Estimate of Laird and Albee (198lb) for Dl using using data of Naylor (1971) and Harper (1968)
and unpubl. data of M. Lanphere
*** Unpubl. data of M. Lanphere on Ve veins
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PH20 ei ther by decreasing the total fluid pressure or by changing the fluid composition . Calcite
might also have been a reactant , in which case Pco2 would have been important. Several reactions
generally similar to those that may have occurred in JR-5-A have be<!n discussed by Crawford
(1966) .
T he reversed pattern in the vein plagioclase indicates that grade was decreasing as the Vb vein
formed . Because the formation of Vb veins in tension fractures required high relative fluid
pressure . decreasing the relative fluid pressure is not a possible mechanism for the plagioclase
com positional zoning . Also the veins have abundant small fluid inclusions (diameters generally less
than 15 microns). If the plagioclase zoning was due to changing fluid COfllposition, then the exact
opposite change in fluid composition from that for the schist would have been needed for the vein.
Changing T and Pt tal seem most likely.
The optical and compositional discontinuities in
plagioclase porphyrob~asts seem to represent the peristerite gap, encountered as changing physical
conditions shifted the stable composition of reaction products.
T he plagioclase rims in the host rock are compositionally similar to plagioclase cores in the Vb
vein. Considering the structural setting of the mineral growth in the schist and in the vein, schist
mineral growth associated with the Sb schistosity probably began to form before the mineral growth
in the vein parallel to Sb. The vein has no evidence of post-formation recrystallization or strain due
to the deformation that produced Sb; Sb began to form before the Vb vein. The schist plagioclase
zoning indicates growth during increasing grade up to the "peak" of the metamorphic event. The
reversal in trend and slight decrease in anorthite content as the rims are approached may indicate
some late growth as grade decreased from the metamorphic peak. When the system approached the
highest grade conditions for this metamorphic event, the Vb vein began to form in a tension
fractu re parallel to Sb. Plagioclase in the vein grew as the grade conditions reached and then
declined from the metamorphic peak. Growth of vein and schist plagioclase probably partially
overlapped in time near the peak.
In simplified form, the reaction that accompanied mineral growth in JR-5-A schist might have
been:
Plagioclase1 + Chlorite1 + Muscovite1 + Epidote -->
Plagioclase2 + Chlorite2 + Muscovite2 + H20
Quartz and minor amounts of other minerals needed to balance the reaction could be added to
either side. Compared to their respective reactant compositions, product plagioclase was more
calcic, product chlorite lower in Mg/Mg+Fe and higher in Al/Al+Si, and product muscovite lower
in phengite component and Mg/Mg+ Fe for the period of prograde growth.
·
The schist chlorite denoted as Ma is interpreted as having been formed with the Sa schistosity,
predating the isoclinal Fb folds, although evidence available from other outcrops would have to be
discussed to substantiate it. Ma chlorite is included in the inner zones of plagioclase porphyroblasts
where inclusion trains, if present, are straight, whereas the inclusions of Mb chlorite are in
portions of the porphyroblasts that in some cases have sigmoidal trains. This is compatible with the
Ma chlorite forming prior to the isoclinal Fb folding and the Mb chlorite forming during Fb
folding with the deformation causing the plagioclase porphyroblasts to rotate as they grew.
Samples from a Vc vein - JR-5-G and JR-5-L
Samples JR-5-G and JR-5-L are from the contact between schist and a Vc vein. The vein is
parallel to Sc slip cleavage in the schist and lies in the axial region of a small F c synform. The
assemblage in the schist is essentially the same as that for JR-5-A except that JR-5-G and JR-5-L
have minor garnet that is partially replaced by chlorite and muscovite. The assemblage in the Vc
vein includes quartz, plagioclase, muscovite, chlorite, calcite, apatite, and pyrrhotite.
Plagioclase grains in JR-5-G schist have more complex compositional zoning than those in JR5-A schist. The same type of zoning is found in sample JR-5-1, described later. In the V c vein,
the subhedral to euhedral plagioclase grains are concentrically zoned from calcic cores to more
sodic rims, with compositions in the range An33, 1 to An14.8 for JR-5-G and An33,o to Ant6.9
for JR-5-L (Fig. 2c). The core-to-rim zoning trends in plagioclase are the same in both samples.
The overall trend is of decreasing anorthite content from the calcic Gores, but with two small
reversals in trend between An27 and about An30· Al bite has not been found in the analyzed V c
vein samples except as a late alteration product.
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Chlorite in the schist of JR-5-G can be texturally and compositionally separated into two types
(Fig . 4). One type inc ludes chlorite grai ns with preferred orientation parallel to Sc slip cleavage
plus some otherwise similar grains that lack preferred orientation, including chlorite that has
partially replaced garnet. These chlorite grains all have similar compositions and are interpreted as
representing the same generation of mineral growth in the schist. A second type consists of grains
with preferred orientation parallel to Sb schistos ity and with a compositional range that is different
from the first group. Also plotted on the figure are points from Vc vein chlorite.
The Vc vein plagioc lase is similar in compositional range and overall zoning trend to Vb vein
plagioclase in JR-5-A and JR-5-B, but the Vc vein is younger than the Vb vein by structural
superposition. If the zoning pattern of decreasing anorthite content in the assemblage present
indicates decreasing grade, as it is interpreted, then Vc formed in a period of decreasing grade
following the peak of a metamorphic event that occurred after the formation of Vb veins. Presence
of oligoclase in two generations of veins suggests that two generations of oligoclase might be in the
schist.
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Figure 6. Compositional plots for schist chlorite in (a) JR-5-D and (b) JR-5-1.
Schist samples away from veins - JR-5-1 and JR-5-D
JR-5-1 and JR-5-D are samples of schist not adjacent to any veins and in which Sc slip
cleavage is well developed. Assemblages in these two samples are the same as that in JR-5-G
schist.
A compositional map of a plagioclase grain in JR-5-1 (Fig. 5) shows the typical compositional
zonation of plagioclase in this and similar samples. The mapped grain has a core, cloudy with
inclusions of very fine-grained graphite and other minerals, that consists of an area of albite and
two areas of oligoclase. The cloudy zone is completely surrounded by a zone of clear, graphite
inclusion-free albite, in turn surrounded by an outer zone of clear oligoclase. The zoning pattern
in the outer, clear zones is increasing anorthite content from core to rim. The clear albite zone is
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separated from the clear oligoclase zone by an optical and compositional discontinuicy that is
parallel to the concentric zoning pattern in the clear zones. The boundary between the clear albite
and cloudy inner zones is not parallel to any compositional zoning patterns of the cloudy interior.
Figures 6a and 6b show analyzed points in chlorite from JR-5-1 and JR-5-D. Chlorite grains
included in the cloudy cores of the complex plagioclase grains are compositionally distinct from
chlorite grains grains included in the clear outer zones. Very few grains in the matrix of the schist
of either sample have preferred orientation parallel to Sb schistosity, but analyzed grains that do are
compositionally identical to matrix chlorite grains with preferred orientation parallel to Sc slip
cleavage or no preferred orientation. The grains parallel to Sc or without preferred orientation
compositionally overlap with the grains included in the clear outer zones of the plagioclase grains.
Also in both samples is chlorite without preferred orientation that has partially replaced garnet;
analyses from this chlorite, shown with a separate symbol, plot very close to the chlorite included
in the clear zones of plagioclase.
Using the evidence all the JR-5 samples, an interpretation of the plagioclase grain in Figure 5
is that the cloudy cores represent Mb growth, or perhaps a combination of Ma albite growth and
Mb albite through oligoclase (sodic andesine in some) growth. The clear rims are Mc growth and
have the same relationship to the Vc plagioclase that the Mb plagioclase in the simple plagioclase
grains of JR-5-A have to Mb growth in the Vb vein. Two generations of oligoclase to sodic
andesine are present in the schist and similar plagioclase with reversed zoning patterns is found in
two distinctly different generations of veins.
Stop 2 (location JR-73)
Discussed below are analyzed garnet in two samples from Stop 2, a Vb vein (JR-73-B) and
schist (JR-73-A) about I meter from the Vb vein. Typical pelitic schist at JR-73 has an assemblage
that includes quartz, plagioclase, muscovite, chlorite, garnet, magnetite, ilmenite, epidote, pyrite,
apatite, tourmaline, and zircon with or without calcite and/or chalcopyrite. Included within garnet
porphyroblasts of JR-73-A are grains of chloritoid, although none of the studied samples have
chloritoid grains in the matrix. Schist in JR-73-B adjacent to the Vb vein lacks chloritoid inclusions
in garnet. The Vb vein assemblage includes quartz, plagioclase, chlorite, muscovite, calcite,
ilmenite, and garnet. In this part of the study area, only veins of the the Vb generation have garnet
within them. Garnet in the schist is probably Mb in generation based on textural, assemblage,
chemical evidence. As at Stop I, retrogradation of garnet is most extensive in samples with welldeveloped Sc slip cleavage.
Rim-to-rim profiles of vein garnet grains in JR-73-B (Fig. 7a) are different than rim-to-rim
profiles of garnet grains in JR-73-A schist (Fig. 7b). All of the grains are concentrically zoned
with respect Fe, Mn, Mg, and Ca) as illustrated by the map of Mn/Mn+Fe+Mg+Ca for grain A
(Fig. 8).
The inner parts of the vein garnet grains are similar to typical garnet porphyroblasts in host
pelitic schist fo this part of the study area. Mn is high in the center and decreases toward the rim
in this center zone, whereas Fe increases core-to-rim. Mg is generally in low concentration and
shows a gradual increase as Mn decreases and Fe increases. However, only garnet grains in or
adjacent to Vb veins have the sharp, inner reversal of Mn in which the proportion of spessartine
increases by as much as 103 of the total solid solution over distances of only a few tens of
microns. The increase in Mn is accompanied by a sharp decrease in Fe and a smaller decrease in
Mg. The outer reversal involves a return to the "normal" zoning trend for Mn, Fe, and Mg, but
the values do not generally approach the maximum Fe and Mg and minimum Mn values found at
the inner reversal. How the "average" trend of Ca might be correlated with the overall trends for
the other elements is obscured by the small scale Ca variations.
Grain D (Fig. 7b) is typical of garnet in Underhill and Hazens Notch schist in this area. Mn
is highest in the center and decreases toward the rim, whereas Fe is the opposite. Mg is low in
concentration and gradually increases as Mn decreases. Ca zoning has an erratic pattern, with
sharp changes in Ca mirrored by opposite changes in Fe and Mn, but no change in Mg.
Other minerals such as plagioclase, chlorite, muscovite, ilmenite, calcite, and chloritoid are
also compositionally zoned in these two samples. Besides garnet, the only other major mineral with
significant variation in Ca is plagioclase, whi~h has zoning patterns similar to. those for Mb schist
and vein plagioclase at Stop I. Calcite grains are zoned with respect to Fe-Mg-Mn substitution for
Ca, but the range of Ca variation is limited. Epidote grains are zoned with respect to Fe and Al but
not Ca, except in small REE-rich cores in some grains where Ca varies due to the REE substitution
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(REE-rich cores have up to 7 wt. 3 Y203+Ce203+La203+Nd203). Mn-bearing phases other
than garnet are ilmenite, chlorite, calcite. and chloritoid.
Textural evidence indicates chloritoid was once present in the matrix of some of the schist but
was removed by reaction. Chloritoid grains included in garnet have Mg/Mg+Fe values in the
range 0.08 to 0.11 and MnO contents in the range l.47 to I. 87 wt. 3. Ilmenite grains in JR-73A have MnO contents in the range 1.69 to 2.593, but there is no textural evidence of substantial
reaction of ilmenite. Vb vein calcite have MnO contents in the range 0.24-1.673.
JR-73-A schist and JR-73-B vein chlorite grains have MnO contents of 0.27-0.51 and 0.240.453, respectively, along with wide compositional ranges with regard to Mg, Fe, Si, and Al. Mn
variation in vein chlorite is grossly similar to that in the vein garnet, except much lower
concentrations are involved. Cores tend to be high in Mn, which decreases toward the rims, then
increases and, on the rims of some grains, decreases again.
Neglecting the fine-scale details, the best explanation for the zoning trends of garnet and other
Mb minerals in the schist and Vb vein of JR-73 is shifting equilibrium partitioning among phases
as conditions first increased in grade, then decreased. The vein and schist Mb growth probably
overlapped in time, but the schist growth began first and the last growth was in the Vb vein. The
relatively late breakdown of Mn-bearing chloritoid in the schist may help explain the Mn "spike" in
vein garnet and possible smaller counterpart in vein chlorite.
Stowe amphibolite in the Worcester Mountains - Stops 5 & 9
Exposed at both locations are amphibolites metamorphosed to at least garnet grade and then
later subjected to retrogradation at chlorite to biotite grade. This is typical of rocks of the
Worcester Mountains and in much of the area the higher-grade assemblages have been badly
obscured or completely eliminated by retrograde events. The extent of preservation of the highergrade assemblages and the character of the deformation elements in the Worcester Mountains tend
to vary with rock types. Equivalent deformational elements in amphibolite and pelitic schist can
have different styles or degrees of development. In general, the amphibolite is less deformed and
less affected by the late retrograde metamorphism than pelitic schist.
The age of coarse muscovite from a Vb vein in the Wor)ester Mountains has been determined
by Lanphere and Albee (l 974) to be 439 m. y. using 40Ar- 9 Ar methods (the vein was shown to
the author in the field by A. Albee). Other primary minerals in the vein are kyanite, garnet, and
biotite, now mostly altered. Fine-grained muscovite, pseudomorphous after kyanite, in schist
adjacent to the Vb vein was determined by Lanphere and Albee to be 358 m. y. in age. They also
analyzed hornblende from Stowe amphibolite at another location in the Worcester Mountains and it
had an age of 457 m. y.
Stop 5 (similar to JR-188, 2 miles SE on Mt. Hunger)
Sample JR-188-A is amphibolite with a small Vb vein, parallel to Sb schistosity, and a several
small Vc veins parallel to Sc fracture cleavage. The amphibolite assemblage includes hornblende,
plagioclase, epidote, quartz, chlorite, biotite, rutile, sphene, muscovite, and apatite. Also present is
that cut across
actinolite after hornblende and some of the actinolite is in bands parallel to
hornblende grains. Some of the chlorite, biotite, epidote, and perhaps all o the ·sphene are
retrograde minerals formed by reaction of hornblende that has preferred orientation parallel to Sb.
The Vc veins have actinolite, plagioclase, quartz, epidote, sphene, and chlorite. The Vc veins are
similar to those at Stop 9. The Vb vein has amphibole grains with euhedral hornblende cores
overgrown by euhedral actinolite rims. This actinolite is texturally and compositionally different
(with lower Mg/Mg+ Fe values) from that in Vc veins and from the actinolite formed at the expense
of hornblende in the host rock. The hornblende interiors of Vb vein amphibole grains are separated
from the actinolite rims by sharp optical and compositional discontinuities not unlike the
discontinuities described for plagioclase.
Compositional profiles from several core-to-rim traverses across Vb vein amphibole and host
rock hornblende (Fig. 9) illustrate the zoning patterns in. these two amphibole types. Hornblende
interiors of vein amphibole are compositionally similar to host rock amphibole, but the actinolite
rims of the vein amphibole are very different.
Vb vein amphibole is similar in a general way to Vb vein plagioclase from JR-5 and JR-73. It
grew as grade conditions were changing and the last growth occurred as grade was decreasing.
(The compositional variation of amphibole with grade in amphibolites with the same assemblage as
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JR-188-A has been discussed by Laird and Albee, 198lb.) Interiors of vein amphibole grains
formed at the highest grade and their growth may have overlapped in time with the last growth of
Mb host rock hornblende. Amphibole in both the Vb vein and host rock was growing when the
peak of the Mb-forming event was attained. As grade conditions declined from the peak, the host
rock amphibole ceased to grow but the vein amphibole continued to form in an environment
suitable for maintaining euhedral grain shapes. The grade decreased enough for actinolite to
become the stab le amphibole composition. The discontinuity present in Vb vein amphibole grains
could represent either a hiatus in growth or a miscibility gap encountered as conditions changed
over time.
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and formula proportions Ti for two amphibole grains in Vb vein and one amphibole grain in host
amphibolite, sample JR-188-A.
Stop 9 (location JR-66)
Sample JR-66-F is from a Vc vein parallel to Sc fracture cleavage in Stowe amphibolite. The
exposed vein is lens-shaped, 30 cm long and 10 cm at its maximum width. The vein assemblage
includes quartz, plagioclase, actinolitic amphibole, chlorite, biotite, microcline, epidote, hematite,
magnetite, sphene, and calcite. The host amphibolite has a higher-grade assemblage that was
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strongly overpinted by at least one retrograde event. The pre-retrograde assemblage of 'the host
rock includes hornblende, plagioclase, epidote, chlorite , quartz, magnetite, and ilmenite. The host
rock retrograde assemblage is the same as the vein primary assemblage, except that in the former
microcline is lacking and none of the magnetite is of obvious retrograde origin.
Developed along the host-vein interface of the Vc vein is a 1-2 mm wide border zone, present
along most but not all of the examined area of the interface. A zone of chlorite with preferred
orientation parallel to the host-vein interface is developed adjacent to the interface. Toward the vein
interior, the next zone is one of intergrown chlorite and biotite with the same preferred orientation
as the chlorite zone. An innermost zone of biotite with lens-shaped grains of microcline is
sporadically developed. Locally developed between the chlorite-biotite or biotite zone and the
quartz-rich vein interior is a monomineralic zone of hematite.
Euhedral amphibole grains are distributed throughout all parts of the border zone except the
hematite zone. Similar euhedral amphibole grains are in the vein interior. More than half of the
amphibole grains in the border zone have preferred orientation with their direction of elongation
perpendicular to the host-vein interface. This suggests that some mechanism other than directed
stress was responsible for the preferred orientation in the vein border zone. None of the minerals in
the vein interior have preferred orientation.
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Typical amphibole grains in the border zone are concentrically zoned with respect to
composition.
The core-to-rim variation trend (Fig. IOa, b) starts· with actinolitic cores,
progressively becomes more hornblende-rich, reverses in trend and finally zones out to actinolitic
rims with compositions very much like the core compositions. No discontinuities, optical or
compositional, are found in the vein amphibole grains.
Comparing these compositions to
amphibole compositions discussed by Laird and Albee (l 98 lb), the Vc amphibole formed at biotitegrade conditions under an intermediate relative pressure.
.
~
Within the host amphibolite of JR-66-F are ·three compositional ranges of amphibole. Cores of
dark amphibole grains have compositions similar to the host rock am phi bole of JR-188-A and Vb
vein· hornblende cores. The hornblende cores are overgrown by more actinolit,ic amphibole that is
similar to the actinolitic rims of the Vb vein amphibole in JR-188-A. A third type of amphibole is
present as irregular patches of actinolite that replaces the first two types. This third type
compositionally overlaps with the Vc amphibole of JR-66-F. Other retrograde products such as
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fine-grained chlorite and biotite are closely associated with the patchy actinolite and they overlap
compositionally with their counterparts in the Vc vein ns wel l.
Sample JR-66-C is fro m 11 Ve vein that crosscuts S~ fracture cleavage In Stowe amphlbollte.
T he vein assemblage incl udes albite, calcite, actinohte-tremolite, chlorlte, blotite, epidote,
magnetite, hematite, sphene, apati te, a nd minor quartz. This vein does not have a well-developed
border zone.
Amphibole grains are euhedral with core-to-rim compositional trends for
concentrically zoned grains as shown in Fig . I Oc, d. The cores are similar to cores of Vc vein
amphibole in JR-66-F. The initial trend is in creasing Al(4) , A-site Na , and Al(6)+Fe3+ +Ti+Cr
toward more hornblende-rich compositions. T hen a reversal in trend occurs and the grains are
zo ned out to tremolitic rims with very low values of Al a nd Na .
Although the Vc and Vt; veins at Stop 9 both contain assemblages that are the same as the
retrograde assemblage found m the host assemblage, the two vein types are structurally distinct in
age. Therefore, two generations of retrograde mineral growth (Mc and Me) can be postulated.
Both veins began to grow as grade conditions were increasing in their respective metamorphic
events and continued to for m as the pea k was attained and as conditions declined to lower grade.
Growth in the Ve vein continued to lower grade than that attained by the Vc vein.
Stop I 0 (a brief look into the Siluro-Devonian units)
The oldest prominent secondary s-surface in the Devonian rocks of this area is a schistosity,
Sa• that is axial planar to rarely observed asymmetric folds, F , with N-S to NNE-SSW axial
trends. In many cases the smallest order Fa folds have waveleng:hs and amplitudes of sufficiently
large size that they can on ly be observed in the largest roadcuts. Fa folds can be seen at Stop 10
on carefu l observation. Typically the original layering So is parallel to Fa axial planes on one limb
of the asymmetric folds and non-parallel on the other limb. Parallel to Sa schistosity is a generally
well-developed set of metamorph ic veins , Va.
At some locations , thin vein -like layers of quartz or quartz-calcite are present that appear to be
older than Sa. Generally these are parallel to So but do not seem to be related to a prominent
secondary s-s urface.
Because they have invariably simple assemblages and have no clear
relationship to other structural elements produced by deformation or to major metamorphic mineral
growth, these veins are treated as a minor generation .
Sa schistosity is folded by a set of prominent small asymmetric folds, with NNE-SSW axial
trends. These are Fb folds and have associated with them an axial-planar s-surface, Sb. Sb is
particularly well devel oped in the ax ial region of the Willoughby arch, where it is a schistosity, but
it is either a prominent slip cleavage or a schistosity in other parts of the post-Ordovician sequence
of northeastern Vermont. Fb and Sb are equivalent to the minor elements interpreted by Dennis
(1956) and Hall (1 959) to be related to formation of the Willoughby arch.
No veins parallel to Sb or with any apparent genetic relationship to Fb have been found by the
author in northeastern Vermont. The lack of veins seems to be a fundamental feature of this
generation of structures in the area. Sb and Fb are crosscut by a later generation of veins, Ye. V
veins have no obvious relationship to other small-scale structural elements but do have minera~
assemb lages within them that are subsets of assemblages of a post-Sb mineral growth generation in
the host rocks. I n areas close to plutons of the New Hampshire series in northeastern Vermont,
th is late mineral growth generation (Mc) attained grade as high as sillimanite-muscovite.
Characteri stic of Mc is the random orientation of minerals that in an environment of directed stress
would typically have preferred orientation.
A few Vc veins have been found that crosscut
semiconcordant sheets of granitic rock associated with the New Hampshire series. However, the
Mc mineral growth generation has such a close spatial relationship with the plutons with regard to
metamorphic grade that the veins were probably formed about the same time as the intrusion and
solidification of some of the plutons.
A late generation of open, asymmetric folds with NNE-SSW axial trends and upright axial
planes deform the Vc veins. These folds, F d• are difficult to recognize without the Vc veins as
markers , although they also gently deform Sc schistosity or slip cleavage. No s-surface or veins
related to F d have been found. The only other significant generation of structural features found in
this part of the study area, except for minor veins, is a locally developed set of open, asymmetric
folds with E-W axial trends, upright axial planes, and, where present.at all, a poorly-developed
axial-plane slip cleavage. These E-W folds are younger than Fa· older than Fd, and may be
younger than Fb, although the interference structures (basin-and-dome structures formed on Sa
surfaces) produced by the N-S Fb folds and these E-W folds are such that the superposition
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relationships are ambiguous; an excellent example is at Stop 10. The E-W folds are designated
Fb+ 1 • have no associated veins , and are not apparently associated with any substantial mineral
growth in the host rock. The structural sequence (excluding Fb+ 1) in Siluro-Devonlan units is
summarized in part B of Table I. The interpreted correlation (one which agrees with the scarce
age data) across the unconformity between the Cambro-Ordovician and Siluro-Devonian is shown in
Table 1, Part C.
Conclusions
Metamorphic veins were formed during four of the five major metamorphic events that
occurred during the Taconic and Acadian Orogenies in northern Vermont. The compositional
zoning patterns of key minerals in the veins and surrounding host rocks recorded the effects of
changing physical and/or chemical conditions during each event. Most of the host rock mineral
growth occurred as grade was increasing to the metamorphic peak of each event, in some cases
with minor continued growth as grade declined from the peak. Substantial mineral growth in the
veins occurred as grade was decreasing from the peak, with varying amounts of early growth
overlapping with the prograde host rock mineral growth. By the methods used, each event with
associated veins is shown to be a distinct metamorphic "pulse", separated from other events by
periods of low-grade conditions.
The timing of vein initiation varied from case to case as indicated by the variation in amount of
overlap of host and vein mineral growth of a given generation. The distribution of stress and the
relative fluid pressure in a rock volume probably were principal controlling factors that determined
where and when a vein would form. The veins grew by precipitation of material in tension
fractures and replacement of host rock was not an important process.
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ITINERARY
Assembly point is a picnic area on Route 2 between Middlesex and Waterbury, 2.7 miles east
of the junction of Routes I OON and 2 in Waterbury and 2.6 miles west of the Middlesex exit off 189. P icnic a rea is on north side of road, with parking on both sides. Meet at 8:30 A.M.
Topographic maps: Waterbu ry, Stowe , and Middlesex 7 .5" quadrangles, Hyde Park, Hardwick,
Montpelier, and Barre 15" quadrangles .
PLEASE: refrain from sampling the veins from which the compositional data come, especially
the smaller ones tha t could be whacked to oblivion.
Mil eage
0 .0
5 .3
5 .8

6.4
6 .7
7.3

From assembly point, take Route 2 west (Middlesex quadrangle). Pass through town of
Waterbury (Waterbury quadrangle) and continue west.
U nderpass below 1-89.
STOP I: Large roadcut in pelitic schist of the Hazens Notch formation on right (north) side
of road. Park along right side of road, but be careful as room is tight. Pull completely to
the right of the solid white line that marks the edge of the travelled surface. Refer to text
for detailed discussion of Vb and Vc veins here. (Sample location JR-5.)
Bolton - Waterbury line.
STOP 2: Small roadcut on north side of Route 2. Use same care in parking here and at
-neit-two stops as at Stop 1. A Vb vein with garnet in Underhill schist is located on the top
of the outcrop. (Sample location JR-73.)
STOP 3: Fairly large roadcut in Underhill schist on north side of Route 2. A Ye vein is
found here, as are good examples of Vc veins with irregular forms. (Sample location JR163.)
Turn around and proceed east on Route 2, back toward Waterbury.
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8.2
9.1

10.9
11.0
12.0
12.2
12.6
12.7
13.1
14.6
16.0
16.1

17. 2
19.0
20.2
23. 7
25.0
29.2
30.5
31.7
31.8
32.3
38.3
39.4

39.8

40.5
48.6
53. 7

Bolton - Waterbury line.
STOP_..1: Park carefully along the right (south) side of Route 2 near the west end of a long,
curving set of roadcuts on both sides of road. These are schists of the Hazens Notch
formation just above the garnet isograd as mapped by Christman and Secor (1961). A
large Vc vein is exposed on both sides of the road. (Location JR-4.)
Continue east on Route 2.
Junction of Routes 2 and lOON. Turn left (north) on to Route 100 toward Stowe.
(Middlesex quadrangle.)
(Stowe quadrangle.)
Turn right (east) on to Howard Avenue in Waterbury Center. Road is not well marked on
Route 100 except for sign that points to Waterbury Center P. 0. and Loomis Hill.
Turn left on to Maple Street after passing a crossroad at 12.5.
Turn right on to Loomis Hill Road.
Road bends to right, continue to stay on main road (paved).
Pavement ends, road continues as two-lane dirt road. Pass Ripley road to right and follow
main road as is now travels north at the base of the Worcester Range.
Unmarked entrance to right (east) into an old amphibolite quarry.
STOP 5: Turn right into a parking lot marked with sign for the Waterbury trail to Mt.
Hunger. Additional parking can be accessed by the unmarked entrance at mile 14.6.
Follow old quarry road (and Mt. Hunger trail) northeast for about 100 feet, then veer off
on one of several small unmarked paths that lead north about 50 feet to the top of the
quarry. The walls of the quarry have many large loose blocks that look unstable and are
best avoided. Exposed at the top is amphibolite of the Stowe formation and several
generations of metamorphic veins.
One mile to the east is pelitic schist with the
assemblage sillimanite-kyanite-staurolite-garnet-biotite-muscovite-quartz. (Stop 5 is location
JR-89, but data from JR-188 will be discussed.)
Return to parking area, turn right (north) back on to dirt road (which immediately narrows
to one lane with only infrequent turnouts).
Barnes Hill Road comes in from left. Continue straight (north) on what has now become
Stowe Hollow Road and widened back to two lanes. Follow this until it meets Gold Brook
Road in Stowe Hollow.
Turn left (west) on to Gold Brook Road and follow it to Route 100.
Stop sign at Route 100. Turn right (north) on to Route 100 and follow it through Stowe.
Stagecoach Road forks off to left from Route 100. Snow's snack bar is just beyond fork.
Make left turn on to Stagecoach Road and follow it north toward Morristown.
(Hyde Park 15" quadrangle.)
Stop sign - continue straight.
Stagecoach Road ends at stop sign, near Lake Lamoille. Turn left (north) toward Hyde Park.
One-lane bridge as you approach Hyde Park. Proceed with caution.
Stop sign. Turn left on to Main Street in Hyde Park and proceed to Route 15.
Stop sign. Turn left on to Route 15 and go northwest past Johnson.
Road to Ithiel Falls forks to right off of Route 15 just before a green iron bridge over the
Lamoille River. Take this right fork on to unmarked road (only sign shows direction of
Long Trail).
STOP 6: Turn left into parking area on left (southwest) side of road, across from roadcut.
Theroad is narrow and visibility is poor, so be careful crossing road to outcrop. Good
examples of Vb and Vc veins in biotite-grade Hazens Notch schist are found here.
(Location JR-114.)
Reverse direction of travel, go back toward Route 15.
STOP 7: Pull off into parking area on right (southwest) side of road. Walk 0.15 mile
southeast and downhill along road to outcrops of the Hazens Notch formation on left
(northeast) side. Present here are excellent examples of Fb isoclinal folds of So, with
superimposed F c folds and Vc veins. (Location JR-113.)
Return to cars, continue back to Route 15.
Junction with Route 15. Go left (east) on Route 15, toward Johnson.
Continue east on Route 15 past Johnson and Hyde Park.
Junction of Routes 15 and lOOS. Continue east on Route 15 toward Wolcott.
(Hardwick 15" quadrangle.)
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55 .3 To the right is a road to the town of Elmore - just before the road is a sign for "Hilltop Xcountry Ctr". Just beyond this road are roadcuts on both sides of Route 15.
55.35 STOP 8 (time allowing): Turn left into the parking area on th~ north side of Route 15, next
to a large roadcut in the Moretown member of the Missisquoi formation. Seen here are
some pull-apart structures within which have grown Vc veins. (Location JR-67 .)
Reverse direction of travel on Route 15 and go short distance to road to Elmore.
55.4 T urn left (south) onto road to Elmore. Go across bridge over Lamoille River and follow the
"main" travelled way (which is dirt most of the way and is a washboard on the steeper
parts).
55.9 Road bends sharply to right.
56.8 (Hyde Park 15" quadrangle.)
57.4 Road bends sharply to left.
58.2 Stop sign at Route 12 in Elmore, Lake Elmore directly across road. Turn left (south) on to
Route 12.
59 .3 STOP 9: Turn sharply right on to small dirt road and park on either side (we will be
continuing south on Route 12, so you will eventually have to turn around). Walk uphill
(north) about 0.2 mile on Route 12 to a low outcrop of Stowe amphibolite partially hidden
in overgrowth on right (east) side. Samples of Vc and Ve veins from here are discussed in
the text. (Location JR-66.)
Go back to Route 12 and turn right to continue south toward Montpelier, passing through
Worcester and Putnamville.
60.3 (Montpelier 15" quadrangle.)
71.0 Worcester.
73.5 Putnamville.
78.2 Coming into Montpelier. Route 12 is called Elm Street here. Continue straight on Elm
Street until it runs into State Street.
79 .4 Route 12 turns to left, but continue straight to avoid downtown traffic.
79.7 Turn right (west) on to State Street (Business Route 2), go past Capital Building to Bailey
Ave. and follow signs to 1-89.
80.1 Traffic light at Bailey Ave. Turn left on to Bailey and follow signs to 1-89.
70.2 Traffic light at Memorial Drive. Turn right on to Memorial and work your way over into
left lane so you can get onto 1-89 South.
81.0 Get on 1-89 South (toward White River Junction).
81.8 Roadcut with exposure of RMC on left side. (Barre 15" quadrangle.)
83.7 Take Exit 7 to right (Barre exit). Keep to right.
84. 7 Traffic light at Berlin Corner. Turn right on to Paine Tpk.
84. 95 Turn right at road junction to follow Paine Tpk.
85.3 Underpass below 1-89.
85.35 Turn left on to dirt road (still marked as Paine Tpk.)
85.4 STOP 10: Park on right side of dirt road, next to large roadcuts on both sides. Fa and Fb
folds in the Barton River member of the Waits River formation can be seen here, as well
as Sa·· Va• and Sb. At the south end of the roadcut, basin-and-dome interference
structures between Fb and Fb+ 1 are developed on an exposed Sa surface. (Location JR-

106.)
SUMMARY - end of trip
Return in the direction from which you came.
85.45 Turn right on paved road.
85.85 Turn left at stop sign.
86.1 Traffic light. You have a choice of going right to get to Barre or the Barre-Montpelier Road
or going left to get back on to 1-89.
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STRATIGRAPHY AND STRUCTURE OF THE CAMELS HU MP GROUP
ALONG THE LAMOILLE RIVER TRANSECT, NORTHERN VER.MONT

Barry Doolan
Department of Geology
University of Vermont
Burlington, Vermont 05401
with additional stops provided by:
Timothy Mock, and Alan McBean 1
Department of Geology, University of Vermont
INTRODUCTION

The purpose of this excursion is to present the
stratigraphic and structural relationships of the Camels Hump
Group in northern Vermont. The excursion crosses the Georgia
Mountain anticline and Hinesburg Thrust in the Milton 7 1/2
minute quadrangle, the Enosburg Falls-Fletcher anticline of the
Gilson Mountain quadrangle and the Richford syncline of the
Jeffersonville 7 1/2
quadrangle. The eastern part of the
Jeffersonville quadrangle lies just to the west of the Green
Mountain anticlinorium (figure 1).
Significant problems to be addressed on this trip are the
correlation of stratigraphy and comparisons of structure west and
east of the Enosburg Falls - Fletcher anticline, correlation of
the Underhill formation with the established western
stratigraphy, and the origin of the Richford syncline exposed in
the adjacent Jeffersonville 7 1/2 minute quadrangle to the east.
MAPPING AND ACKNOWLEDGEMENTS

The mapping conducted by the author in the Gilson Mountain
and Jeffersonville quadrangles during the period of 1985 to the
present has been funded by'the Vermont Geological Survey under
the direction of Charles Ratte. Mapping was done directly on
1:5000 orthomap aerial photographs and compiled at 1:12000. The
author has benef itted from able assistance in the f i~ld by
students completing field camp projects in the Gilson Mountain
and Jeffersonville quadrangles. The early projects were conducted
on 1:12000 enlargements of the topographic base and include the
following students: Dave Marshall, Chris Miksic, and Todd
Worsfold (1982); Debra Merrill, Steve Schope, Scott Schulein, Dan
Dowling, (1983); Dave Iseri, Doug Friant, Doug Graham, Robert
Myers and Jeffrey Slade (1984). Later projects were completed on
1 Present address: Agency of Transportation
Division of Materials and Research
State Street
Montpelier , Vermont
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the 1 : 5000 base by Dave Gree n wa l t, Greg Ko o p , Hu gh Ro se (1 985)
and Michael La n d sm a n , (1986).
P e te r Thompson 's (1975) work in
the Enosb u rg Fa lls and J effersonville quadrangle is shown in part
in the nor t heas t er n corner of Figure 3B . The author has also
benefit t ed gr e a tl y b y o ngoing studies by his graduate student s
Maurice Co lpr o n and Bi ll Dowling whose work in the Oak Hill Group
in Quebec h av e helpe d to focus on the regional relationships
discussed in t h is repo r t.
REGIONAL S ETTING OF THE CAMELS HUMP GROUP
The Camel s Hump Gr oup was first defined by Cady (1956) in
the Came l s Hump qu a drangle of Vermont and subsequently subdivided
into forma t i o n s b y Doll et al. (1961). The Camels Hump Group are
almost e ntir e l y ri f t r e lated rocks which predate the development
of th e passi v e continental margin along the ancient "western"
boundary (present co o rdinates) of the Iapetus Ocean (Williams and
Stev ens , 1974). The Group thus includes most of the rocks
s t r atigraphi c all y overlying the Grenville basement and underlying
platform slope or rise sequence rocks of the ancient margin.
In the western outcrop belts of the Camels Hump Group and
corr elative lower Oak Hill Group rocks of Quebec (Clark, 1934)
th e s e q uence is overlain by rift-drift transition "basal"
qu a r t z ites of the Cheshire formation and drift stage dolomites
quartz ites and carbonate breccias of the shelf and slope facies.
To t h e east the rocks of the Camels Hump Group are over lain by
s l o pe and rise facies rocks of the Sweetsburg and Ottauquechee
fo rmations. Significant facies differences on both local and
r egio n al scales are noted by previous workers and should be
expected in rift environments both parallel and perpendicular to
th e basin. Detailed stratigraphic comparisons of rocks in the
r ift basin have been hampered by a lack of detailed mapping
within the Camels Hump group and deformation which postdates the
f ormation of the basin. This excursion attempts to detail the
st r atigraphic relationships of the Camels Hump Group in the
v icinity of the Lamoille River transect.
The Lamoille River transect from the Milton to the
J effersonville quadrangles, provides an excellent array of
exposures which help to define the across strike nature of the
ancient rifted basin. The western sequence of the Camels Hump
Group displays a thin stratigraphic sequence with at least one
erosional unconformity and rift-drift to platform cover rocks.
The eastern sequence involves a greater percentage of volcanic
rocks, thicker
rift -elastic sequences and slope to rise cover
r ocks (Figure 2). The increased rift related subsidence to the
east supports the model of formation of "instantaneous" eastward
facing rift basins by lithospheric stretching and Airy -type
subsidence synchronous with rifting (e.g. McKenzie, 1978).
Significantly, the Lamoille river section differs in detail
from that observed to the north in Quebec (e.g. Clark, 1934;
Dowling et al., 1987; Colpron et al., this guidebook) and in the
Enosburg Falls quadrangle (Dennis, 1964). To the south, in the
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Figure 1: The location of the Lamoille River transect is shown on this
block diagram of the Quebec reentrant constructed with a single due north
vanishing point. 15' quadrangle boundaries are shown with plus symbols
throghout. The diagonally ruled area includes from west to east: part of
the Milton, the complete Gilson Mountain and part of the Jeffersonville 7
1/2 minote quadrangles (see figure 3a,3b). The latter two quadrangles are
the northern half of the Mt. Mansfield 15' quadrangle (Christman, 1959).
The Enosburg Falls 15' quadrangle (Dennis, 1964) is shown immediately
north. The Sutton quadrangle (Eakins, 1964) is outlined to the northeast in
Quebec. The Camels Hump quadrangle (Christman and Secor, 1961; Thompson and
Thompson, this guidebook) is directly south of the Mt. Mansfield
quadrangle. Abbreviations: EFA: Enosburg Falls anticline; FA: Fletcher
anticline;
GA: Georgia Mountain anticline; GMA-SMA: Green Mountain-Sutton
Mountain anticlinorium; HT: Hinesburg Thrust: JS: Jerusalem slice; PMA:
Pinnacle Mountaine anticline; RS: Richford Syncline; UT: Underhill thrust.
Lithic designators shown on figures 2, 3, and 4 .except as follows: Cea and
broad stipple pattern: Caldwell, Armagh, Granby and related rocks mostly in
Quebec; Cch and fine stipple pattern: Cheshire quartzite; CZma: Mount
Abraham Formation; CZph: Pinney Hollow Fm; CZs: Stowe Fm; Om: Moretown Fm.;
Orne: Cram Hill Fm.; Omuh: Umbrella Hill conglomerate; O?sd: St Daniel Fm.;
horizontal dashes: middle to late Ordovician flysch; random dash: Grenville
basement of the Adirondack Mtns., Green Mountain Massif and Lincoln
Mountain massif; black symbols: Thetford-Asbestos-Orford ophiolites of
Quebec; Eden Mills ultramafic body of Vermont. Geology after Doll et al.,
1961; Williams et al., 1978; Osberg, 1965; Doolan et al. 1982.
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Correlation of the Camels Hump Group and Cover Rocks,
Northern Vermont and Quebec.
Figure 2: Stratigraphic correlation of the Camels Hump Group betweem
Quebec and Vermont according to previous workers and this study. The
stratigraphic column for the Milton quadrangle is modified from the
interpretation of Carter (1979) by proposing an unconformity above the
Tibbit Hill volcanics (Stop 2). The Pinnacle exposed in the Georgia
Mountain antic 1 ine is stratigraphical ly and lithica l ly corr el la ti ve with
the uppe~ Pinnacle of the Gilson Mountain quadrangle.
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Linclon Mo un tai n qu a d ra ngl e the Camels Hump Group is c onsiderably
shortened a nd on ly t he westernmost and easter most par ts of the
Lamoille Rive r se c tion are lithically co mparabl e. The mi ssing
section t o th e s outh lies mostly within the Gilson Mountain
quadra n gle and the western part of the Jeffersbnville quadrangle.
These r o c ks a nd their cover presumably have been removed from the
Lincoln Mo untain area during allochthon emp lac ement along thrust
faults roo ted below and within the Underhill Slice of Stanley and
Ratcliffe (1985; Figure 1).
STRATIGRAPHY OF THE CAMELS BUMP GROUP ALONG
THE LAMOILLE RIVER TRAVERSE

In this section the stratigraphy of the Camels Hump
Group as e xposed along the Lamoille River transect is described.
The format ion r1ames as originally proposed are retained wherever
poss i ble . However, in light of the facies relationships observed
acr o ss the strike belt some modification of the stratigraphic
no me n cl ature is recommended. It is not the purpose to propose
s uch n o menclature here since much new geologic mapping involving
stra tigraphic equivalent rocks de$cribed here is
ongoing
thr ough o ut the state. Therefore, the stratigraphic names used in
thi s r e port should be considered informal.
Th e stratigraphy of the Gilson Mountain quadrangle is
descr ibed first . Correlation with the adjacent Milton quadrangle
t o the west are suggested where appropriate. Secondly the
s t ra tigraphy east of the Enosburg Falls - Fletcher anticline is
d i s cussed with the emphasis placed on correlation with the
wester n quadrangles.
A comple te historical development of the
st r atigraphy is not outlined here, but the interested reader is
r eferred to the excellent synopsis of the regional statigraphy in
th e re f erences under the relevant stratigraphic columns shown in
Fig ure 2. A more formal presen tation of the stratigraphy for the
Gil son Mountain and Jeffersonville quadrangles is forthcoming
(Do olan, in preparation; Vermont Geological Survey reports).
As shown on Figure 2, lithic correlatives of the Oak Hill
Group of Clark (1934) have been traced southward into Vermont
with varying degrees of success. Although Dennis (1964) and
Booth (1950) recognize the general sequence from base to top of
Tibbit Hill volcanics- Pinnacle Fm- White Brook - Fairfield Pond
( equals the West Sutton and Frielighsburg formations of
Charbonneau, 1980)- Cheshire Fm, the following changes in the
stratigraphy are noted:
1. The Tibbit Hill is interbedded with elastic rocks in the
Enosburg Falls quadrangle (Pinnacle facies of the Tibbit Hill of
Dennis, 1964);
2. The White Brook Dolomite is a discontinuous horizon in
Vermont and when found does not precisely define the boundary
between the equivalents of the Pinnacle and Fairfield Pond
Formation s in Quebec (Booth, 1950; Dennis, 1964);
3. More coarse grained conglomeratic facies are found in the
Pinnacle formation of Vermont and an overall increase in

159

B-2

thickness of the Pinnacle is noted southward (Do wling e t al .,
1987) .
4. The Call Mill slate , and West Sutton Formations as mapped
in Quebec are only locally definable in Vermont (Booth , 1950;
Dennis, 1964).
These differences in the stratigraphic sequence noted in the
Enosburg Falls quadrangle become even more apparent in the Gilson
Mountain quadragle.
THE STRATIGRAPHY ALONG AND WEST OF THE
ENOSBURG FALLS - FLETCHER ANTICLINE

In this section the stratigraphy of the Camels Hump Group
i n the Gilson Mountain quadrangle is summarized for the regions
along and
west of the Enosburg Falls-Pinnacle Mountain
anticline. The presence of faults and complex folding of the
entire sequence precludes an accurate rendition of the unbroken
str at igr aph ic success ion; however, numerous topping er i ter ia in
the metagreywackes and excellent rock exposure has enabled a
newly defined stratigraphic sequence to be defined.
TIBBIT HILL FORMATION (CZth)
The Tibbit Hill formation was first defined by Clark (1934)
for a thick sequence of volcanic rocks which define the base of
the Oak Hill Group in Quebec. It is separated from the overlying
Pinnacle formation in Quebec by a distinctive argillite called
the Call Mill Slate. Southward, the Tibbit Hill volcanics are
interbedded with metasediments and the Call Mill marker horizon
is commonly not present (Dennis, 1964). Dennis (1964) notes the
increase in metasedimentary material in the Tibbit Hill toward
the south in the Enosburg Falls 15' quadrangle, and included the
metasediments with the Tibbit Hill formation.
Christman (1959), confined the Tibbit Hill formation to
metavolcanic rocks interbedded with metasediments in which
amphibole and/or feldspar is identifiable in the field. This
practice in effect redefined the Tibbit Hill formation by
excluding some greenstones which are interbedded with Pinnacle
formation. The problem is especially difficult in the Gilson
mountain quadrangle where several greenstone occurences appear to
lie close to the stratigraphic top of the Pinnacle Formation. To
define the top of the Tibbit Hill by the position of the
stratigraphically highest greenstone horizon may exclude from
practical useage the Pinnacle Formation.
The problem is partially resolved in this report by
restricting the Tibbit Hill formation to three volcanic horizons
along with their intervening metasedimentary units which occur in
a 6 km. wide fault bounded belt defining the axis of the Fletcher
anticline (Christman, 1959). Only three other occurrences making
up less than 5% volumetrically of the volcanic .rocks of the
quadrangle are thereby excluded from the definition of the Tibbit
Hill Formation.
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Th e Tibbi t Hil l fo rmation in the Gilso n Mountain quadrangl e
consis t s of a ' bedded s equence of lava flows and metasedime n ts.
The for mat ion is restricted to four fau l t bounded NN E tre ndi ng
seque n ces each approximately 1- 1 .5 k ilo mete r s in width (Fig ur e
3). Th e tw o central fault block seq u ences expo s es the co mplete
Tibb it Hil l formation, and provide th e basis f or cor re lat io n with
the adj ac e nt sequences to the wes t a nd ea s t (F igur e 3) .
The metasedimentary units are r e f e rred to th e el asti c memb er
of t he Tibbit Hill formation (CZt hc l ) . This memb er i s rep rese nt e d
by a variety of rock types includ i n g r usty weathe rin g phy l litic
gri t s and feldspathic quartzi t es and wackes , brown t o gr e y punky
we a th e ring chloritic wackes, fi n e grain e d quartz chlo r ite albite
gr anul it e, calcareous chlori tic wack e s, and finely laminated
chloritic phyllites, grit s a nd volcanogenic tuffaceous
metas e diments which are local l y b r eccia t ed. Attemp t s to subdivide
t he metasedimentary units even with the help of the distinctive
v olcanic stratigraphy has been locally successful , but continuity
along strike for dista n ces gr eater than 1 kilometer is rare. The
h igh variability of the metasedimentary units and the lack of
mappable marker beds wit h in these units ' in part explains the
f ailure to document the s uccession. Although many of the elastic
units are lithically simi l ar t o the metasediments of the lower
Pinnacle for ma tio n , the y are included with the Tibbit Hill
b ecause of the i r a p pa r an t conformity on the outcrop scale with
the volcanic stra t igrap hy.
The volc a nic units of the Tibbit Hill Formation are
s ubdivid e d into t hr ee mem b e r s . These members from bottom to top
are given the foll o win g names: feldspathic greenstone member,
(CZthf); c a lca reo u s g reenstone/chloritic wacke member (CZthc) and
amphibolitic gr e en s t one member (CZtha). The stratigraphic order
of these memb e r s i s d ocumented by graded bedding and/or crossbedding in t h e s ub jacen t metasedimentary units.
Feld s pathic Gre enstone membe r
Thi s
follow s :

me mb er

is

(CZthf; Stop 8)

described by Christman

(1959,

p.

18)

as

" Th e feldspathic greenstone is so-named because it
con ta i ns lath-like remnant phenocrysts of plagioclase feldspar as
mu c h as o n e and one fourth inches long. These phenocrysts are
s een most easily on the weathered surfaces as they weather white
t o l i g h t g r een in contrast to the fine-grained dark green
g r ou n d mass. The phenocrysts have no apparent preferred
or ient ation . "
To th i s, the author adds that the matrix of the feldspathic
gr een stone member often weathers to a distinctive olive drab to
b r own c o 1 or • The v er y f in e gr a in s i z e and co 1 or of th i s r o ck in
i tself ma k es the unit quite easy to recognize in the field, even
where the phenocrysts are not obvious. Locally, a fine grained
r esis t ant and homogeneous brown weathering chloritic wacke
u nderlies the feldspathic greenstone. The similarity of the
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matrix of the volcanic rock with the wacke suggests that
volcanogenic mixing with elastic rocks preceded the extrusion of
the lava.
Excellent exposures of the feldspathic greenstone are found
southwest of Metcalf Pond, south and southeast of Leach Hill,
along the southeast flank of Hedgehog Hill southward to the
Lamoille river, and west of Beaver Brook. The feldspathic
greenstone member is approximately 25 to 40 meters thick and
surprisingly continuous along strike except where folded out in
dome and basin or hook fold structures or truncated by faults.
Calcareous greenstone/chloritic wacke member (CZthc; Stops 6,8)
Calcareous greenstone is characterized in the field by its
pitted, somewhat rusty weathered surface and dark grren matrix
with thin laminae and splotches of calcareous material on fresh
exposures. The calcareous layers appear to follow bedding in
adjacent metasediments. This member is found stratigraphically.
above the feldspathic greenstone.
The member is best defined as
a mappable horizon in the east central block of Tibbit Hill
(that block between the Stones Creek and Metcalf Pond faults,
Figure 3). West of the Stones Creek fault and east of the
Halfmoon Pond fault, the calcareous greenstone occurs in similar
stratigraphic position as thin laminae interbedded with chloritic
and guartzo-feldspathic meta - sedimedts. In this region the
calcareous greenstone is best described as a volcanogenic
metasediment. Even in the east cental block of Tibbit Hill east
of the Stones Creek Fault the calcareous greensone is locally
thin and interbedded with chloritic and calcareous wackes with
detrital feldspar and quartz visible on the weathered outcrop
surface. The calcareous greenstone is best developed in the
region surrounding Metcalf Pond where the section is repeated by
numerous folds around a major hinge. The thickness of the
calcareous greenstone is conservatively estimated to be a maximum
of about 110 meters. The transitional nature of the contact
between metasediments (wackes and chloritic grits) with the
calcareous greenstone in all areas and local interbedding of the
greenstone with metasediments is the basis for not restricting
this member to strictly a volcanic origin.
Calcareous greenstones identica 1 to those described above
are found in three areas west of the Halfmoon Pond fault: 2.8 km
SE of Fairfax Falls; in the West Fletcher area immediately east
of the West Fletcher fault (Stop 6) and in the.region from Gilson
Mountain to the Gore. The lack of other marker horizons of the
Tibbit Hill formation between the West Fletcher and Halfmoon
Pond faults does npt allow a direct comparison of these volcanic
horizons with that of the Tibbit Hill stratigraphy to be made.
Ongoing mapping will hopefully resolve the - problem.
Arnphibolitic greenstone member (CZtha; Stops 7,8)
The stratigraphic top of the Tibbit Hill · formation is
defined here to be the amphibolitic greenstone member. This unit
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outcrops i n massiv e l e dg es and whalebac k s thr o ughout th e belt of
Tibbit Hi l l exposur e s . Amphibole (act inol itic h o rnb l e nd e) occurs
as dar k gre en porphryob l asts in rand om t o s t ro n g ly li n ea t ed
orienta ti o n s where it defines an L-S f ab ric p aral l el to t h e
do mi n a nt f oliation. Locally the a mp h i bo l ~ · is retro g raded to
chlori t e a nd / or chlorite/actinolite clump s p se u domorph ing t he
earlier f ormed amphibole grains. Outcrop s h ave t he a ppea rance of
mass i v e wacke and grades into ca l care ou s chlo rit ic wa cke in s om e
loca lities.
Although the coarse g ra in ed nat u re of th is r ock
s ugg e s ts a diabasic or gabbroic protoli th the con t inuity o f thi s
membe r throughout the Tibbit Hill Fo r ma t i on in the Gi lson
Mou n t a in quadrangle suggests that the r ock or i g i nat e d as a b a sic
lava flow. Thin sections also s u pport the view that the primary
amp h ib oles in the rock were porphyr o bl ast s (see also Christman
a nd Sec o r, 1961)
The amphibolitic greenstone i s o nly about 15-20 meters
th ick; however in the exce l lent e x posures in the vicinity of
Hedgehog Hill the amphiboli t e o u t crops over a wide area due to a
c omple x fold pattern involving s e ve r al refolded fold hinges.
At Stop 7 the amphib o litic g re enstone is exposed i n the
hi nge of a fold where it a ppea r s to display columnar jointing.
Dennis describes volcani c horizons in the Enosburg Falls
quadrangle with pillow lava st r uctures. Throughout the Tibbit
Hill Formation such primary volcanic textures are not common.
The reader is r e f e rr ed t o Christman (1959) for excellent
descriptions of amphiboliti c g reenstone and other members of the
Tibbit Hill Format i on.
Other occurr e nces Qf. g r ee n s tone
Th r ee other occ urr ence of greenstone occur west of the fault
bounded se qu en c e o f Tibbi t Hill Formation described above. A
calcareou s g r een s t one with gradational contacts with chloritic
and loc a lly calcareous wac k es within the mapped syncline east of
the Fai r fa x Falls antic li ne and north of Sanderson Corner (Figure
3); a vol c an ic br e ccia un it (CZpvb) west of the Buck Mountain
anticl i n e (Stop 4) and a thin be l t of greenstone mapped as Tibbit
Hi l l by Bo ot h (19 5 0 ) , a nd Carter (1979) along the axis of the
Geo rg ia Mou n tain anticlinorium (Stop 2). The first two
oc c u rre n ces appear t o be close to the stratigraphic top of the
Pinn ac l e Formation. They are both thin (< 15 meters) and could
not b e traced alo n g st r ike .
Ou tcrops of the Tibbit Hill formation in the Georgia
Moun tain anticlinorium are not abundant and have been previously
i nterpreted (Carter, 1979;
McBean, 1979) to occur as several
h or i z o ns of thin v olvanic flows interbedded with coarse boulder
c o n glomerates c o ntaining numerous lithologies including
Pr ecambrian granitic gneisses, slates and fine grained wackes.
McBean referred to the spectacular boulder horizon as the Beaver
Meado w member of the P inn a c 1 e Format ion ( C Zp b m o f Fig u r es 2 , 3 ,
4). Se v eral visits to the outcrops by the writer and Bill Dowling
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in June, 1987 have uncovered consistent topping directions away
from the Tibbit Hill volcanic outcrops toward the sharply
truncating basal boulder conglomerate horizon. Based on this data
and the fact that
slate fragments identical to the Call Mill in
the Quebec sequence are locally abundant toward the base of the
conglomerate, we interpret the Beaver Meadow to be a basal
conglomerate unconformably overlying the Tibbit Hill formation.
Pinnacle wackes interbedded with and overlying the Beaver Meadow
boulder conglomerate are characteristic of the upper Pinnacle
formation in the Gilson Mountain quadrangle and locally contain
isolated pods of dolomite. Similar occurrences of dolomite are
present in the upper Pinnacle of the Sutton area of Quebec as
well (W. Dowling, personal communication, 1987).
The Tibbit Hill formation in the Georgia Mountain anticline
is similar to the very fine grained compact matrix of
the feldspathic greenstone which marki. the lowest stratigraphic
horizon of the Tibbit Hill sequence in the Fletcher area.
The Beaver Meadow Conglomerate (CZpbm) occurs at about the
same stratigraphic position as slate pebble conglomerates and the
volcanic breccia unit in the Gilson Mountain quadrangle.
PINNACLE FORMATION (Stops 1, 2, 3)
The Pinnacle Formation in the Gilson Mountain quadrangle
consists predominately of greywacke interbedded with rusty
phyllitic grits with quartz viens. The wacke is variable even
along strike and the stratigraphic succession of the Pinnacle is
not known in detai 1. The base of the Pinnae le is placed at the
top of the amphibolitic greenstonein the area of the Fletcher
anticline. The metasediments overlying the amphibolitic
greenstone contain a greater proportion of massive wacke units
and lesser amounts of volcaniclastic material than metesediments
within the Tibbit Hill. Without the amphibolitic greenstone bed
however the contact would not be easy to define.
The major outcrop belt of Pinnacle formation occurs to the
west of the West Fletcher fault. East of the Hinesburg thrust,
the Pinnacle is exposed in a repeated sequence across 4
anticlinal fold axes with intervening synclines. The anticlinal
axes expose massive chloritic feldspathic greywackes which form
resistant ridges. The rock is dark green on fresh surfaces and
speckled with numerous white weathering plagioclase detritus and
angular grains of quartz. Locally, this unit contains isolated
angular clasts of tqn weathering phyllite and phyllitic grit.
Excellent examples of this rock type occur on Buck Mountain and
at the anticlinal hinge at Fairfax Falls (Stop 1 ).
The upper part of the Pinnacle contains "cleaner" less
chloritic quartz feldspar wacke and massive flaggy feldspathic
quartzites. West and north of Buck Mountain, the upper Pinnacle·,
contains rather continuous horizons of quartz pebble
conglomerate. These resistant rocks contain calcareous matrices
especially in proximity with horizons of White Brook dolomite
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(Stops 2, 3). Interbeds of grey to green phyllite and grit are
f ound throughout the Pinnacle but are more abundant near the top.
The finer grained metasediments display thin vien quartz
stringers and are rusty to tan on weathered surfaces. The
interbeds range in size from thin phyllitic ·· tops on graded beds
to discontinuous horizons 10 meters or so thick.
Few marker horizons occur within the Pinnacle sequence;
however, several are potentially important horizons to further
refine the Pinnacle stratigraphy in the area. These include a
volcanic breccia horizon (CZpvb; see Stop 4 ), a phyllitic
conglomerat e (CZpc; Figure 3), and .a single horizon of
calcareou s greenstone (see above). These units all appear to be
towards the top of the Pinnacle formation (Figures 2, 3).
WHITE BROOK FORMAT ION (Stop 3)
The White Brook Formation of Clark ( 19 3 4, 19 3 6) on 1 y
sporadica lly occurs in the Gilson Mountain quadrangle. Where
present it occurs as discontinuous buff to cream colored massive
dolomite and dolomitic sandstone. The quartz content contributes
to a resistance from erosion and the common occurrence of quartz
vien stringers. Dolomite is not restricted to a single
stratigraphic horizon. The lowest dolomite is found at the top of
the coarse grained greywacke sequence which is taken to be the
top of the Pinnacle when dolomite is absent. In the Milton
quadrangle where the Pinnacle formation overlies a coarse boulder
co nglomerate, dolomite occurs below the top of the Pinnacle
section. In the region north of Buck Hollow school, dolomite also
occurs sporadically above laminated grits and phyllites which
stratigraphic ally overly the defined top of the Pinnacle. These
stratigraphically higher dolomite occurrences are in contact with
homogene ous grey to black slate. It is uncertain if these
homogeneou s slates correspond to West Sutton Formation of Clark.
The interval of dolomitic horizons is adout 25 to 30 meters above
the top of the Pinnacle formation. Because of the sporadic, thin
and discontinuous occurrences of dolomite in the Gilson Mountain
quadrangl e , the White Brook is not separated on the accompanying
map; however, dolomite occcurrences are located by "d" on Figure
3•
FAIRFIELD POND FORMATION (STOPS 3,

5)

The Fairfield Pond was introduced to Vermont stratigraphy
by Dennis (1964) as a member of the Underhill Formation. As
defined by Dennis it includes the thinly laminated quartzites ,
grits and phyllites of the lower Cheshire Formation and the more
homo geneous slates and phyllites of the West Sutton Formation.
The Fairfield Pond is directly correlated with the West Sutton ad
Frelighsburg formations of Charbonneau (1980) in the Sutton
quadrangle of Quebec. It may prove useful to future detailed
mapping in pre-Cheshire rocks to subdivide the Fairfield Pond
Formation into Frelighsburg and West Sutton facies. Examples of
th ese facies will be shown at Stop 3.
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As defined all of the rocks stratigraphically above the
Pinnacle and below the massive quartzite beds of the Cheshire are
included with the Fairfield Pond formation except where the White
Brook dolomite occurs. The contact between the Fairfield Pond and
the Pinnacle closely corresponds to the lowest position of
dolomite associated with quartz pebble conglomerate and wacke of
the Pinnacle in the Gilson Mountain quadrangle. Argillaceous
wackes, phyllites and grits below the contact are thin and
discontinuous as are wacke and conglomeratic facies which
sporadically occur above the contact. Grey to black phyllites
mapped around the Buck Hollow anticline (Figure 3) within the
Fairfield Pond Formation are lithically similar to the West
Sutton of Clark (1934) but occur at a higher stratigraphic
position relative the Pinnacle. Mapping along the expected strike
path of these phyllites has not been completed.
A second outcrop belt of thinly lamiriated ~rgillaceous
quartzites and grits which stratigraphically overly Pinnacle
wacke are found between the Armstrong Mountain and Metcalf Pond
Faults within the Fletcher anticline to the east. These rocks are
identical to the Fairfield Pond lithologies mapped to the west
but appear to have
more phyllitic to schistose foliation
surfaces. These rocks have been previously referred to as
Underhill formation but because of thier close association with
Pinnacle and their lithic similarity with the rocks to the west
they are included here with the Fairfield Pond. Contacts between
the Fairfield Pond lithologies and the amphibolitic greens tone
member of the Tibbit Hi 11 to the west of the Armstrong Mountain
fault (Figure 3) have not been observed, but a fault contact is
suspected on stratigraphic grounds.
The Fairfield Pond formation in the Milton Quadrangle was
restricted by Carter (1979) and Dorsey et al. (1983) to
argillaceous rocks east of the Hinesburg Thrust. Rocks
surrounding the Pinnacle in the Georgia Mountain anticline west
of the thrust were referred to by these authors as the lower
Cheshire. The lower and upper Cheshire of these authors
corresponds to the Gilman Formation of Booth (1950). Stone and
Dennis (1964) defined the Fairfield Pond to include the lower
argillaceous quartzite of the Gilman formation as well as the
West Sutton formation of Clark (1934). Consequently Dennis~s map
for the region defines the argillaceous rocks surrounding the
Pinnacle in the Georgia Mountain anticline as the Fairfield Pond
formation. The use of both lower Cheshire and Fairfield Pond
appears to be in violation of the existing stratigraphic
nomenclature. On Figure 3, the lower Cheshire of Dorsey et al.
(1983) is designated as the Fairfield Pond Formation in keeping
with the previous mapping of Stone and Dennis (1964). Lithically
the rocks are similar on both sides of the -Hinseburg Thrust and
differ only in the abundance of thin qu~rtzite laminae in the
argillaceous matrix. As noted by previous workers the transition
from the Fairfield Pond to the Cheshire is gradual. The apparant
occurrence of "upper" Fairfield Pond close to the Pinnacle
suggests that the Fairfield Pond Formation is considerably
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thinner on th e wes t si d e of th e Hinesburg thrust compared with
t he east s id e .
S TRATIGRAPHY EAST OF THE ENOSBURG FALLS -FLETCHER ANTICLINE
As noted ab ove, Fairfield Po nd and Pinn ac l e litholo gies
occu r e ast of the main belt of T ibbit Hi l l volcanic member s
which d e f ine the Enosburg Fa l ls - F l e tch er anticlin e (Figur e 3).
East of this sequence of Fairfie l d Pond- P inn a cl e se quence is an
e l ongate belt of upper Tibbit Hil l Formation (a mphibolitic
greens tone member and associa t ed meta sedim e nts) . The Armstrong
Mount a in fault at least local l y s epar ates th e Tibbit Hill from
th e me t as ediments to the east and it i s possible that the entire
eas t er n amphibolitic greenstone we st of the Armstrong Mountain
fau lt is fault bounded.
From the amphibolitic gree nstone eastwa rd to the black
s lates a nd phyllites of the Swee tsburg Formation, no Tibbit Hill
u nits are found and the enti r e s equence consists of quartz rich
a rgillites and phyllites and schistose phyllites interbedded with
wac k e s identical to those of the Pinnacle Formation. The tan
weathering arg i l laceous me ta s ediments are
variable in quartz,
ch lorite, and whi t e mi ca c ont e nt but locally display excellent
lam i nae characterist ic of the Fairfield Pond formation. These
r ocks have previously been r efe r red to as Underhill formation and
that useage is follow ed in
Figure 3. On the basis of lithic
similarity and associat i on t his belt of rocks is correlated with
t he Fairfield Pond - P i nn acle sequence to the west. Locally,
d olomite horizon s a ssociat e d with slightly calcareous quartz
wackes are pr e sent wes t o f the Sweetsburg lithologies This
supports t h e vi e w th at Wh ite Brook lithologies are only
sporadically pre s ent
in this part of the Camels Hump Group .
Importantly, the Wh ite Br o ok horizons along the eas't side of the
Enosburg F a l l s- F letc h e r anticline are associated with wacke
characteri st ic of the Pinnacle formation - a situation similar to
the th e Wh ite Broo k occurrences on the west side of the
anticlin o rium. De n nis ( 1964) interpreted black slate horizons
near th e Unde r hi l l -Pinnacle contact on the east side of the EFF
antin c l inor ium as Wh ite Brook. These black slate occurrences are
similar to roc k s mapped as Sweetsburg in this report.
Ea st o f the outcrop belt of Sweetsburg
formation the
Underh i l l consists of a heterogeneous sequence of qtz-albitech l or ite- musc/ser-schists and phyllites. Magnetite is locally
abu ndant and modal proportions of the minerals are variable.
Gr eenstone lithically and chemically similar to the amphibolitic
an d calcareous greenstones of the Tibbit Hill are locally
in terbedded. Pinnacle lithologies are not common but where
p rese n t appear as marker horizons which are discontinuous along
st rike. Garnet is not recognized in the field in these rocks but
s e v e r al localities of abundant chloritic pseudomorphs after
ga r n et are present .
Th e stratigraphy and structural setting of the rocks lying
betwee n the Enosburg Falls -Fletcher anticline and the Richford
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s y ncline is similar to the Mansville phase of the Oa k Hill
sequence first observed by Clark (1934, 1936) east of the
Pinnacle Mountain anticline in the Sutton quadrangle of Quebec
(Eakins, 1964; Clark and Eakins, 1968; Rickard,1965). The
Mansville phase includes rocks representative of the complete but
structurally shortened or thinned Oak Hill sequence. East of the
Sweetsburg outcrops defining the Richford syncline in Quebec the
Bonsecours Formation occupies a similar position as the
correlative Underhill Formation rocks east of the Richford
syncline in Vermont. M. Colpron (personal communication, 1987)
reports that the Mansville phase involves a complex fold and
fault history which juxtaposes stratigraphically older sequences
against younger rocks from west to east. It appears that the
geology east of the Enosburg Falls - Fletcher anticline in
northern Vermont may have a similar origin to the Mansville phase
rocks in Quebec.
COVER ROCKS TO THE CAMELS HUMP GROUP

Cover rocks to the Camels Hump Group undergo significant
facies changes across the Lamoille River transect. These changes
are consistent with the different drift stage environments
recorded in the cover rocks of the Camels Hump Group. In the
Milton quadrangle the cover is "basal" quarztite of the Cheshire
overlain by the Dunham formation representative of the Lower
Cambrian platform. The Dunham is either overlain by Skeels Corner
Slate or the Parker -Rugg Brook -Skeels Corner sequence (Stone
and Dennis 1964; Dorsey et al. 1983; Figure 3). The grey to black
laminated and carbonate- bearing slates are representative of
shelf edge to slope deposits which furthur west correlate with
the Monkton, Winooski ,Danby and Clarendon Springs formations ot
the middle to upper Cambrian platform (Rogers, 1968, Dorsey et
al. 1983; Figure 4).
Post- Fairfield Pond cover rocks are again found west of the
West Fletcher fault (stop 6) and in the Richford syncline where
black to grey pyritiferous slates correlated with the Sweetsburg
Formation are found (Figure 3). These rocks are described below.
SWEETSBURG FORMATION (Cs; Stops 6, 9, 10)
Two separate outcrop belts of Sweetsburg formation rocks are
found in the transect. The western belt occurs west of the West
Fletcher fault (Stop 6). Here, the Sweetsburg rocks display
gradational contacts along the eastern side of the outcrop belt
with grey and rusty phyllites and laminated chloritic quartzose
grits and phyllites of the Fairfield Pond formation. The
Sweetsburg formation in this locality consists of interbedded
rusty and non rusty carbonaceous to grey pyritiferous black
slates and phyllite interbedded with quart~ite and thin beds of
marble. Numerous fold hinges suggest tha~ the isolated occurrence
may occupy an infolded inlier overthrust by the Tibbit Hill
sequence along the West Fletcher fault.
A second belt of Sweetsburg formation rocks first mapped by
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Christman (1959) ou t c ro p s i n a d i scontin u o u s n o rtheaster l y tr e nd
across the Jeff e rsonville quadran gl e f rom Cambri d g e to t h e
norther n limit of the qua d ra n gle east o f Ro ut e 108 (Fi g ur e 3).
De nn is (1964) mapped similar roc k s a l on g th e strik e bel t i n th e
Eno sb ur g Falls quadrangle to Richfo r d, Vermont which corr e l ate s
with th e Sweetsburg formation map p e d by Osb er g, (1965) a nd
ear li er by Clark, (1934, 193 6 ) i n th e Sutton quadrangl e of
Queb ec . Os berg (1965) t raced the Swee tsbu r g lithologies through a
ser i es of infolds into t he ser pentin e be lt of the Ea s tern
Town s hip s where it is referred t o as th e Otta uqu e chee Formation
(F igure 1). Al t ho u gh Canadian wo rk ers prefer to restrict the
useag e of "Swee t sburg" t o r oc ks outcropp i ng above the Dunham
f or ma tion along the west f l ank of the Pinnacle Mountain anticline
in Quebec, the writer pre f e r s t o ex t e nd the Sweetsburg to the
ro c k s in the Richford syncl i ne for t h e f o llowing reasons: 1. the
b l a ck carbonaceous phyllites i n th e Richfo r d syncline are
i nter b edded with carb o na t e b ea ring horizons as well as white to
gr e y quartzites. Carbona t e lay e rs in the Ottauquechee are not
c ommon in central and so u t hern Ve r mo nt where the Ottauquechhe was
fir st described (Perry, 1 92 9) ; 2. The Ot tauquechee For mat ion may
underg o revision in def inition wi th ongoing mapping underway in
the Lincoln Mountain qu adrangle (see Stanley and others, this
guidebook).
The Swee t sburg l ith ol ogies mapped in the Richford syncline
do however b e ar s tr o ng re semblance to the Ottauquechee as mapped
in the serpentine b el t of Quebec and northern Vermont (e.g.
Doolan and o t h e rs, 1 9 8 2 ) and the correlation of Osberg, (1965)
b e t we e n Swee tsbu r g an d Ottauquechee is likely correct. Ongoing
studies of t he s e lith ol ogi e s on both flanks of the Green Mountain
anticlinori u m wi l l hope f ul l y define a more detailed stratigraphy
within these cove r ro ck s . If the stratigraphic relationships of
the Cambr i an p l at fo r m are correct (Mehrtens, 1987; Dorsey et al.
1983) the con tinental slope rise sequence represented by the
Sweetsbur g a nd Ottauquechee Formations could span the entire
Cambrian p e r i o d .
The map pat t ern evol v ing for the Sweetsburg formation in the
J e ffersonv il l e q uadrangle is apparently controlled by early west
n or th we ster l y trending folds refolded by folds associated with
th e d omin ant foliation. Faults parallel to the dominant foliation
ar e s usp ected by map pattern offsets and locally intense shear
z ones. Ea r lier faults may be present at least on the east side of
th e S weetsburg outcrop belt as evidenced by isolated blocks of
amph i b olitic and calcareous greenstone along the contact (Rose,
i n p rogress). Contact relationships between the Sweetsburg
for mation and the adjacent Underhill is at least locally
co nformable. For example in the East Fletcher area, the sequence
o f black slate and phyllites, rusty quartzose grits and
phy llites , albitic schists and magnetite schists can be followed
across a dome and basin geometry. Lack of adequate outcrop
control combined with a very complex fold and fault deformation
h istor y and the heterogeneous nature of the Underhill formation
does not allow f urther elaboration of the original stratigraphic
r e l ationships to be made at this stage.
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HAZENS NOTCH FORMATION
Along the west flank of the Green·Mountain anticlinorium in
the eastern part of the Jeffersonville quadrangle the Underhill
is structurally intermixed with the rocks of the Hazens Notch
formation. The Hazens Notch which presently is included within
the Camels Hump Group by Doll et al. (1961), is not visited on
this excursion. The palinspastic restoration of the position of
the Hazens Notch formation with respect to the other formations
of the Camels Hump Group and associated cover is a problem of
great importance to Vermont geology. The Hazens Notch is host. to
Vermont's only blueschist occurrences (Laird and Albee, 1975;
1981), as well as numerous serpentinite and talc bodies which
record all the observed deformations of the host rocks. The
Hazens Notch as presently exposed is likely not part of the
stratigraphy of the passive margin formation involving rift to
drift stage sedimentation. The blueschist/serpentine/greenstone
associations with the Hazens Notch metasediments argues in favor
of formation
within a subduction melange formed during the
closing stages of Iapetus. The lithologies present in the Hazens
Notch suggest that most of the "North American" protolith for the
melange involved Sweetsburg and Ottauquechee cover rocks as well
as the underlying Camels Hump group.
For further discussion of the Hazens Notch Formation the
reader is referred to Thompson (1975; Thompson and Thompson, this
guidebook) •
DISCUSSION OF THE STRATIGRAPHY

The stratigraphy of the Camels Hump Group in northern Vermont
is discusssed in terms of the palinspastic reconstruction shown
in Figure 4. The Camels Hump Group is interpreted "in this
reconstruction to represent elastic sedimentation and volcanism
occuring synchronous with rifting of the Grenville basement prior
to the development of a passive margin bordering the Iapetus
Ocean. The age of rifting is unknown but based on regional
relationships in he maritime and central Appalachians, a 600
- 620 m.y.b.p. age is inferred.
The oldest rocks known in the Camels Hump Group are the
Tibbit Hill volcanic rocks as seen in the Pinnacle Mountain
anticlinorium of Quebec and the Enosburg Falls,anticlinorium of
northernmost Vermont (Figure 1). In the vicinity of the Lamoille
River transect, these rocks are only exposed in the core of the
Georgia Mountain anticline in the Milton quadrangle.
The
thickness of the basal flow of the Tibbit Hill is not known but
could be considerable if they
represent continental flood
basalts formed on rapidly extending and subsiding continental
crust.
The lowest member of the Tibbit Hill Group (CZthf) in the
Fletcher anticline is considered to be somewhat younger or at
best only slightly older than the youngest Tibbit Hill exposed in

170

B-2

the Pinnacle Mountain-Enosburg falls anticline to th e north . Thi s
is based on the observatio n of i nt e rb e dding of Pinnacl e wack e and
re lated elastic rocks with the Tibbit Hill of the Fletcher area
which is not observed in Quebec, and the similarity of the
volcanic rocks at the erode d top of the ·Tibbit Hill i n the
Georgia Mountain anticline with the lowest volcanic horizon of
the Tibbit Hill in the Fletcher anticline.
Erosion of the flood basal ts occured in regions not
exte nsively thinned or loaded during the early rift stage as
evidenced by the Beaver Meadow conglomerate unconformably
over lying Tibbit Hill in the Georgia Mountain anticline (Stop 2).
This unconformity is considered to have developed during a second
rifting stage which supplied a vari~ty of rounded clasts from
Precambri an sources subsequent to Call Mill time in Quebec. This
second rifting resulted in more rapid subsidence and extention to
the east and perhap•s coeval with flows seen today in the Tibbit
Hill of the Fletcher anticline. Breccia units near the top of the
Pinnacle formation in the western part of the Gilson Mountain
quadrangle may be coeval with the second rifting.
The transition from the Pinnacle to the Fairfield Pond is
interpre ted to result from more distal source areas of elastics
and a widening estuary capable of dolomite production (White
Brook Formation). Locally, such as in areas located near elastic
source terrains, dolomite production was impeded by continued
influx of coarse grained wacke horizons. The Fairfield Pond and
Underhill Formation are considered to be correllative but the
Pinnacle Horizons found within the Underhill suggest that some of
the finer grained protoliths of the Underhill may be coeval with
coarse grained Pinnacle wacke to the west. The age of the
volcanic horizons in the Underhill are considered to be slightly
y ounger than those of the Tibbit Hill assuuming that the axis of
volcanism continues to migrate eastward with time in the axis of
greatest lithospheric thinning.
The distribution of rock seen the Camels Hump Group across
the Lamoille River transect are interpreted to reflect the
evolution of an extending and subsiding Grenvillian lithosphere.
The thickness of the lithosphere continued to provide
sedimentologic controls on the distribution of cover rocks during
the drift stage of passive margin development. Cheshire quartzite
and Dunham dolomite were deposited on the filled rift basins
located above slowly subsided and relatively thick lithosphere.
These platform sediments may not have extended much across the
palinspastic position of the Gilson Mountain quadrangle where
subsidence due to loading and extention was presumably higher.
During the drift stage, thermal subsidence controls dominated
over the earlier rift related subsidence causing the platform to
slope transition to migrate considerably westward from the
eastern limit of Dunham dolomite (Figure 4).
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Interpretive Reconstru9tion of the Stratigraphy along the Lamoille River Transec t

Figure 4: Interpretative restoration of the ancient rift to drift stage
passive margin of ·North America in the vicinity of the Lamoille River
_transect. The Camels Hump Group rocks (Tibbit Hill, CZth; Pinnacle CZp;
White Brook, CZwb; Fairfield Pond, CZfp; and Underhill, CZu) are
considered to be wholly developed in a rift environment. Variations in
the stratigraphy and thickness of the various units reflect the effects
of syn-rift volcanism, erosion and deposition. These effects are
profound near regions of exposed basement such as proposed for the
Milton quadrangle and western part of the Gilson Mountain quadrangle .
Cover rocks tq the Camels Hump Group are either rift - drift transition
rocks (Cheshire to Dunham) or drift stage platform, slope, or rise
deposits. The reconstructi6n suggests ~hat the shelf -- slope break ,
formed during the drift -stage, occurred close to the basinward limit of
rift stage eros~on.
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B-2
STRUCTURAL GEOLOGY

Introduction
'l'he Came ls Hump Group is poydeformed and metamo rphosed. The
d eforma tion involves three periods of f oliation development each
of wh ich is associated with folding. The map pattern structures
are control led largely by the second deformation structures
including upright to overturned folds and steep faults
subparalle l to the second foliation which is ususally the dominant
foliation observed in outcrop. Kink folds post date the
developmen t of the dominant foliation and appear more common
where superposed on fold hinges related to the second generation
folds.
Major str uctures along the transect as defined by previous
worke rs include the Georgia Mountain anticline, the Dead Creek
syncline/H inesburg Thrust, the Fletcher anticline, the Richford
syncline and the Green Mountain anticlinorium. This study has
resulted in refining the structural detail to the regions east of
the Hinesb urg thrust and especially within the Fletcher
anticline. Work to the east of Fletcher anticline is still in
early stages of mapping so structures in this area will not be
discussed in detail.
As wi ll be discussed more fully below the writer wishes to
r etain the use of the Fletcher anticline as first proposed by
Christman (1959) for the region exposing the Tibbit Hill
formation in the Gilson Mountain quadrangle. The lack of
documen ted continuity between the Fletcher anticline with the
Pinnacle Mounta in-Enosburg Falls anticlinorium to the north
combined with the unique Tibbit Hill stratigraphy recorded in
rock s of the Fletcher anticline justifies that a distinction be
made at this time.
The structural geology of the Camels Hump Group and cover
ro cks along the Lamoille River transect is discussed here in
three parts. Part 1 discusses the geology west of the Fletcher
anticline; part 2 discusses the fold and fault structures within
the Fletc her anticline and Part 3 discusses the structural
geology of the rocks within the region of the Richford syncline.
A discussion of the structural evolution of the area in the
cont ext of regional geology concludes this section.
STRUCTURAL GEOLOGY EAST OF THE HINESBURG THRUST
Major structures in the Gilson Mountain quadrangle between
the Hinesburg thrust and the Fletcher anticline include axial
traces of anticlines and synclines which trend between NlOE and
N30E parallel to the dominant schistosity in the rocks. The
Pinnacle Formation and overlying White Brook and Fairfield Pond
formations in the northwe~tern quadrant of the quadrangle define
four upright to overturned anticlines and asssociated synclines
wh ich generally plunge northerly. The axial traces of four
an ticlines are shown in Figure 3 based on observed bedding 173
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cleavage relationships and fold hinges. From west to east, these
anticlines are referred to as follows: Buck Hollow anticline;
Buck Mountain anticline; Fairfax Falls anticline and Coombs Hill
anticline. The Coombs Hill anticline is not well defined but is
inferred by the mapped synclinal trace to the west and several
east facing topping directions to the east of the axis. The lack
of distinctive marker horizons in areas of good exposure make it
difficult to further define the fold geometry in this region.
The fold pattern is predominately controlled by F2 fold
event whose axial plane cleavage is the dominant schistosity
(referred to as Sn) in the rocks. An early Fl fold event is
inferred on the basis of a ubiquitous Sn-1 cleavage, numerous
quartz viens folded by the dominant schistosity and a dome and
basin map pattern believed to be derived by interference by the
early fold events. A late fracture cleavage (Sn+l) is common in
all areas of the quadrangle.
Fold geometry appears in the field and in map pattern to be
assymetric and west verging for the Buck Hollow and Buck Mountain
anticlines. The Fairfax Falls anticline and Coombs Hill anticline
appear to be more upright but data i~ not as abundant compared
with the more westerly situated anticlines. Wavelength from
anticlinal crest to anticlinal crest is approximately 1200 meters
however, numerous smaller anticlines and· synclines are noted on
the limbs of the larger structures. Some of these smaller fold
structures
mapped arround the Buck Mountain anticline have
wavelengths of about 100 meters. Synclinal axes are not commonly
observed because of the propensity of the overturned anticlinal
limbs and hinges to form west facing cliff faces; shear zones
observed along the overturned limbs parallel the axial surfaces
of minor structure and the Sn foliation. Shearing thus appears to
be a consequence of the F2 folding.
Structural relief does not appear to be great between the
Hinesburg thrust and the Coombs Hill anticline; the stratigraphic
units are repeated within the limits of lower Pinnacle to the
upper ? Fairfield Pond formation. From the Coombs Hill anticline
to the West Fletcher fault the structural relief increases
bringing rocks as young as Sweetsburg in close proximity to
Tibbit Hill volcanic rocks. (Figure 3). In the vicinity of the
West Fletcher fault, the Sweetsburg - Fairfield Pond contact is
characterized by a zone of rusty weathering grey to light green
phyllites with intercalations of black slate. Shear zones are
noted in several localities where the Sweetsburg -rusty phyllite
contact is exposed. Bedding -cleavage relationships along the
eastern contact of the Sweetsburg suggest that the overturned
limb an anticline is sheared out along the contact. The
Sweetsburg outcrop belt along the west ~ide of the fault is
interpreted to be a synclinal infold modified by subsequent
faulting contemporaneous with the dev~lopment of the dominant
foliation.
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STRUCTURAL GEOLOGY I N THE FL ETCHER ANTICLIN E
The Fle t c h er a nt i cline is an elongate NE trending s t r uc tur e
underlain by t he T i b bit Hill Formatio n along the La mo ille Riv e r
transect. I t ex t en ds ac r oss the ful l nor th s ou t h e xt e nt of t h e
Gilson Mo unt a in quadra n gl e northwar d into th e south er n e nd of t h e
Enosburg Fal l s· q uadr a ngle mapped by Denn is (1 9 6 4 ). Th e s outh e rn
limit is not k nown but mapping by Christ ma n (1959) s ug ge st s th a t
the str u c tur e continues to at least to Jeric ho, Ve rmont i n t he
southwes t er n c or ner of the Mount Mansfield 15' q ua dran gle .
Christ ma n a nd Secor ( 1961 ) report exp o s ur es of f eldspathi c ,
calcareo u s a nd amphibolitic greens t o ne in t he Richmond and
Hunting t o n area in the southwest c o rn e r o f the Ca mels Hump
q u adra n g le. These occurrences s uggest th at t he ro c ks foun d wi thin
th e Fle tche r anticline in the Gi lson Mou nta in quadrangle may
extend a s fa r south as the Linc l on Mo untain qu a drangl e ( F igure
1) •

The "an ti cline" nature is b a sed o n the supposition that the
rocks are stratigraphi ca lly older than the Pi n n a cl e and Fairfield
Po n d form ations observed on eithe r si de of t he Tibbit Hill
formatio n. The structure of the Fl etc h e r anti c line is far more
c omp lica ted than t h e name imp li es a nd i s more properly referred
t o a s a n a ppe involving at l ea s t t hr ee pe r iods of deformation.
The pre -Sn deformational his t ory a ss o c iate d with the Fletcher
a nticl i ne appears to be more co mp licat e d and pervasive than the
d ef o rmation in rocks to the west . Th i s suggests that the Tibbit
Hi l l r o c k s of the F l etcher a n t i c line have been transported
west ward during pre-Sn defor ma tio n t ime relative to th e Camels
Hump Group rocks and cover si tuat e d in the western part of the
Gilson Mountain quad r angle.
The structura l compl e x ities of the nappe' can in part be
r esolved because of e xce llent e xposure and a detailed volcanic
stratigraphy d is cu sse d previously. Restoration of the folded
stratigraphy i s hampe r ed however by a lack of fabric data
( especially pr e-Sn fold data) associated with the early
deformation a n d the intense transposition of the earlier
structure s by t h e f old in g and faulting during the development of
the S n cl ea v a g e .
A f old generation model is schematically shown in Figure 5
bas ed o n the present map pattern. The model is based on the
a ssu mpt i on that t h e amphibolitic greenstone constitues a single
h oriz on and that the syn to post Sn faults which transect the
str uct u re are relatively minor compared to the pre-Sn structure
a ssociated with the nappe formation and emplacement. The actual
f old pattern is probably more complex than the model which is
s i mplified by showing all fold generations as coaxial. The model
h o we v er, shows that the dominant foliation imposed on the
F letcher anticline is superposed on an already tightly folded
n appe structure. As shown on Figure 5 C,D, the Fletcher
n appe/anticline is interpreted as a "pop-up" structure removed
from its root during the backfolding backthrusting stage. This
inter p retation would resolve the problem of tracing the Tibbit
175
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Structural Evolution of the Fletcher Anticline.

Figure 5: The evolution of the Fletcher anticline involves an early
stage of tight to isoclinal folding not recognized in the map pattern of
more westerly rocks. This is represented in A. by the emplacement of a
nappe during Sn-1 cleavage development. The refolding of the nappe is
interpreted as a combination west verging folds anq faults which steepen
during a backfolding stage (B, C, D). The lack of volcanic rocks east of
the Fletcher anticline to the Richford syncline suggests that the rocks
in this vicinity represent the upper limb cover rocks to the Tibbit Hill
for mat ion • Un pub 1 is he d v i b r o s e is pr of i 1 in g a 1 on g the western par t of
this schematic cross section support the flat lying nature of the
Fletcher anticline and the west dipping fault "delaminating" the
previously emplaced nappe. The folded dash pattern in Figure SD
represents the Sweetsburg lithologies of the Richford syncline (Figure
3B). Figure 5 B,C,D are all considered to be synchronous to the
evelopment of the dominant foliation Sn. HPF: -Halfmoon Pond fault; SCP:
tones Creek fault; MPF: Metcalf Pond fault; AMF: Armstrong Mountain
ault. See text and Figure 6 for further elaboration.
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Hill rocks ex po s ed i n th e Fletcher a n ticline to the north or
south. Cr i ti cal areas to furthe r te s t t h e mo del are i n t h e
western p a rt of the Jeffersonv ill e qu a d ra ngl e a nd th e southern
part of the Enosburg Falls 15' q uad r ang le . Neither a re a h as y e t
been sub j ec ted to detailed ma p p ing.
The Flethcer anticl i ne app e ars to be fa ult bounded a nd
imbri cated. Five fau l ts a r e s h o wn in Figure 3 with a spacing of
about 1 3 00 meters. From we s t to ea st these faults are designated:
the We st F l etcher fault (WF F) ; t h e Ha lfmoon Pond fault (HPF); the
Stone s Creek fault (SC F) ; t he Met c alf Pond fault (MPF); and the
Armstr ong Mountain fault (AM F) . The WFF is suspected on the basis
o f n oted shearing and int en se s hortening of the Fairfield Pond
Formation to the west of t he fa ult (s e e section on stratigraphy)
a n d t h e abrupt stra t ig r ap h ic juxtaposition of Tibbit Hill
l i thologies to t he eas t and Fairfield Pond -Sweetsburg
lithologies on the west. I n the southern limit of the area,
greenstone similar to the ca l ca reous greenstone at West Fletcher
o ccurs in close prox i mity t o wnite Brook Dolomite breccia; this
is the only bas i s for t he e x tention of the West Fletcher fault
southward.
The HPF is def i n e d by s h arp map pattern truncation of all
the members of the T i b b it Hill formation along the projected
trace of the fault. The fault is poorly constrained in the region
east of Gilson Moun ta in. The fault can be directly observed just
north of the Lamoi lle River 800 meters ESE of Sand Hill by
truncation of the a mphi b olitic greenstone member of the Tibbit
Hill formation ( F i g ure 3) .
The MP F is def i ne d by zones of intense shear along its
trac e , isol a t e d pods or slivers of amphibolite along the contact
and by trunca ti o n of t h e Tibbit Hill formation roe.ks. Isolated
occurrence s o f blac k slate of unknown origin are found east of
the f a u lt east of Metcalf Pond.
Th e AM F i s only suspected to be a fault of any significance.
Int ense s h ear zones which separate the amphibolitic greenstone
and ma gn eti t e bear i ng schists of the Underhill Formation are
ob se rv ed on the northeast side of Armstrong Mountain in the
weste r n most part of the Jeffersonville quadrangle. The same
boundar y cannot be documented as a fault surface along the full
e x tent of the Tibbit Hill formation in this area.
Th e SC F i s a suspected fa u 1 t bas e d on the map pattern o f the
Tib bit Hill on each side (Figure 3). Along most of its length in
th e Stones Cr eek v a 1 1 e y , out c r op cont r o 1 i s poor . Th e bes t
ev idence for the fault is an isolated occurence of amphibolitic
gr eenstone west of Metcalf Pond and shearing out of tight
i soclinal folds east of Hedgehog Hill north of the Lamoille
Ri v er (Figure 3).
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STRUCTURAL GEOLOGY EAST OF THE FLETCHER ANTICLINE
Our knowledge of the geology east of the Fletcher anticline
is based on the work presently underway by Mock in the East
Fletcher area of the Richford syncline, the work of Thompson
(1975) in northeastern part of the Jeffersonville quadrangle and
contiguous areas to the north, and several field camp projects
completed by University of Vermont undergraduates. In addition,
Hugh Rose and Greg Koop conducted Senior Research studies at the
University of Vermont in the areas north of Jeffersonville. Rose
mapped the relationships of the metasediments and greenstone of
the Underhill formation and the Sweetsburg Formation east of
Route 108 and Koop mapped the Sweetsburg-Underhill - Pinnacie
sequence west of Route 108 and ESE of North Cambridge (Figure ~)
These studies have cone 1 uded the fol lowing with regard to
the structure of this area:
1. The orientation of the dominant cleavage (Sn)
systematically changes from steep easterly dips east of the
Fletcher anticline, to vertical dips in the Richford syncline to
west dips east of the Richford syncline (Table 1). Thompson
(1975) reports an average dip of 45 degrees to the east for Sn
with progrssive shallowing (83 to 28 degrees) in approaching the
Green Mountain axis.
TABLE 1
REPRESENTATIVE Sn DATA ACROSS THE LAMOILLE RIVER TRANSECT
eorgia Mtn

Gilson Mtn quadrangle
wes t
east
---------1-------------------- ------------

10E,80E
Carter
( 197 9)

N26E,80 E

Nl9E,85E

This paper

Jeffersonville quadrangle
west

central

east

N24E,90

N9E,64W

Nl8E,45W
Thompson
( 197 5)

2. Rose has documented several faults with west over east
sense of motion and orientation parallel with the dominant
schistosity of the area. Mock also has mapped steep shear zones
within the Richford syncline parallel to the dominant foliation
of the area.
3. Slivers of amphibolite and wacke identical to the rocks
mapped to the east as Tibbit Hill and Pinnacl~, respectively, are
found by both Koop and Rose which predate the formation of the
dominant foliation. The faults are tentatively included with the
first deformation with east over west sense of motion based on
the location of the stratigraphically older slivers east of
stratigraphically younger rocks along the fault (Figure 3).
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4. The Hazens Notch formation structurally underlies the
Underhill Formation as a result of eastward vergent folding
related to the west dipping dominant foliatio~ (Thompson , 1975).

5. The Sweetsburg Formation map pattern mapped by Rose aand
Mock includes dome and basin and hook structures supporting the
view that the structure involves the interference of at least two
periods of deformation involving folding.
6. The Sn+l fracture cleavage , referred to as the Green
Mountain cleavage because of its regional association with the
Green Mountain anticlinorium, is present throughout the region
east of the Fletcher anticline but appears not to play a strong
control in the map pattern.
DISCUSSION
The stratigraphy and structure of the Lamoille River
transec t is briefly discussed here with the use of a model shown
in Figure 6 which summarizes our present understanding of the
geo logy. The metamorph ic history of the area while not discussed
in this report is not incompatible with the model and indeed may
provide a quantitat ive test in the future for the P,T
trajectories suggested for various segments of the transect. The
model for the hinterland evolution of the Camels Hump Group and
cover rocks is similar to the delamination model recently
proposed for the southeastern Canadian Cordillera by Price
(1986).
The palinspastic reconstruction for the Camels Hump Group
(F igure 4) is incorporated into the reconstructed passive margin
undergoing subduction in the late Cambrian to early Ordovicain
time (Figure 6A). The abduction of oceanic lithosphere occured at
this stage.
The Thetford · - Asbestos ophiolite belt of Quebec
r epresents the emplacement at high structural'levels and the Eden
Mill s ophiolite aureole in Vermont was emplaced at mid to deep
crustal levels (Doolan et al. 1982). The high pressure blueschist
assemblages reported . by Laird and Albee (1981) also originated at
this stage. Cover rocks to the Camels Hump Group (Ottauquechee
Fm) are subducted beneath the ophiolite and mix with underlying
Camels Hump group and ophiolitic slivers to form the Hazens Notch
formation.
Continued subduction - related compression in the early
to mid Ordovician results in tectonic thickening of the
supracrustal rocks (Figure 6b). Tectonic wedging of deep crustal
oceanic lithosphere aids in delaminating the supracrustal rocks
causing North American margin rocks to be directed eastward over
the oceanic lithosphere. The Ottauqueeche formation is shown as
an example of a high crustal level cover rock to the Camels Hump
Group being directed eastward over Hazens Notch and earlier
emplaced oceanic lithosphere. At deeper and more cratonward
positions in the orogen east over west directed faults and nappes
represent the first phase deformations observerd in the Lamoille
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Evolution of the Camels Hump Group in the Context of Regional Geology·

Figure 6: The cartoon reconstruction of deformational events of the
Taconic Orogen is schematic and not to scale. The degree of shortening
shown and the relative thickness of the units involved is drawn within
the constraints of clarity and space. Lithic designators are previously
defined and/or shown in Figure 1. Although the reader should refer to
the text for the discussion of this f igurei the diachronous nature of
deformation and the important influence of west over east shortening by
folds and faults in the upper part of the crust should be noted.
Abbreviations in figure 60: CT = Champlain thrust; GA = Georgia Mountain
anticline; HT = Hinesburg thrust; FA = Fletcher anticline; RS = Richford
syncline; GMA = Green Mountain anticlinorium; BVB = Baie Verte
Br ompton 1 ine.
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Ri v er t ra ns ec t . Tectonic thickenin g i n t h e o ut board re gion s o f
the Camels Hump group resu l ts i n per v a si ve an d ma ximum
me tamorphic recrysta l liza t io n o f Ta c onic age . The Richford
sync line is schematically sho wn a s th e re gion re pr esenting th e
cover rocks for the westerly directed Fletcher nappe ov e rridden
to the east by the more th o ro u g hl y rec r yst a lliz e d rocks of t h e
Underh ill formation. The Fletcher n a ppe ov e rrid e s the cover r ock s
of the Camels Hump Group as evi d e nc e d by the Sweetsburg formation
rock s observed west of the West Fl e tcher fault (Stop 6).
Basement slivers de t ached f rom th e craton shown in
Figure 6c are a con sequen ce of c ontinued subduction of the North
American margin bel o w t he deve l op ing accretionary prism. These
slivers aid in bringing deep cr u s t a l rocks to more shallow levels
and to serve as tectonic we dge s f or further delamination and
backfolding of rocks si t ua t e d at h igher structural levels in the
crust. The second and mo s t pe r vasive deformation of the rocks
west of the Richford s ync l i ne occurred at this stage. The
Fletcher nappe is back f o l d e d a long with cover rocks resulting in
a steep structur al ly thinned "Mansville Phase" fold/fault
sequence to the e a st of t h e Fletcher anticline.
The Stowe
formation consid e red t o be th e most distal equivalent of the
Camels Hump Group (Coish et a l. 1985), and metamorphosed at deep
crustal leve ls i s t hrust westwards onto the backfolded
Ottauqueche e - Haz e n s Notch - and oceanic remnants.
The uplifted
Stowe consequently se r v ed as a source area for at least part of
the unconformably ov erl y ing Moretown Formation locally marked by
the Umbrell a Hill Con g lomerate (Figure 1, 6c; Doolan et al.
1982).
Th e s t ag es r epresented by Figure 6 a, b,and c are
subduction rela ted processes associated with accretion tectonics
in a subduction compl e x. Allochthon emplacement , in the Taconics
and Qu e bec occu rred during these stages. In· Quebec the
alloch t hon s
in v olved rocks which were predominately cover rocks
to the Ca me l s Hump Group (e.g. Stanbridge Nappe, Levis Nappe).
The Ch a rn e y/Gr a n by/Armagh/Caldwell rocks may also be equivalent
to th e co v er rocks in age (post lower Cambrian) but thier
origina l s t ratigraphic position with respect to the Camels Hump
Gr oup and t he correlative lower Oak Hill Group of Quebec is not
e stablis h ed . The lower allochthon slices of the Taconic mountains
include stratigraphic correllatives of both the Camels Hump Group
an d co v er rocks in the Lamoille River transect. The higher
Taco n ic slices are composed of correllatives of the lower parts
of th e Camels Hump Group and basement. The accretion tectonics of
th e Qu ebec Appalachians in terms of both the abduction phase and
a l l och thon development represents considerably higher structural
l e v els than is observed in the central and southern part of the
Ne w England Appalachians. The Lamoille River transect represents
a t r ansitional level of crustal involvement between the Quebec
a nd southern Vermont Appalachians.
The Taconic orogeny in the northern Vermont section can
b e e x plained by subduction related accretionary tectonics. The
Moretown and St. Daniel basins formed outboard of the forearc
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region created by the subdu c tion zone c omple x. Col li sio n stage
tectonics involving active is land arcs and/or already acer eted
terrains outboard of the interarc basin strongly modified.the
Taconian structures especially in promontory regions of the
Grenvillian margin. Figure 6 D is a schematic cross section of
the northern Vermont orogen at the conclusion of the collision
stage. With regard to features seen on this excursion this stage
was responsible for the formation of the Sn+l cleavage, the Green
Mountain anticlinor ium and further westward imbrication of the
foreland region. The possibility exists that much of the post
Moretown deformation in northern Vermont is associated with the
Acadian deformation which strongly modified Taconian geology
along the Vermont -Quebec serpentine belt (Baie Verte Brampton
zone of Figure 6D).
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ROAD LOG FOR TRIP B- 2
Meet in g p o in t is the Ca mbridge Pharm acy , Route 15,
Ca mb r id g e , Ve r mo n t . Two v i 1 1 a g e mark e t s a r e n ear b y to p u r ch as e
lunch a nd ref re s hments .. we will not be near a sto re a t
lunc htime. Sinc e the trip will end at t h e sa me place all e fforts
wi ll be made to consolidate participan ts i nt o a s ma ll er n umber o f
veh icles. Please cooperate in this ma tt er si n c e s e ver a l of the
s t op s require that we park on private property . Th e trip log
begi ns at a commuter parking lot on the so u th side o f Rout e 15,
on t h e excursion.
PLEASE NOTE; IF YOU PLAN TO VISIT TH ES E STOPS ON YOUR OWN BE SURE
TO OBTAIN PERMISSION FROM LANDOWN ER S TO TRES P ASS ON THIER LAND.
0.0

Leave commuter parki n g l o t and p r oc eed wes t (left) on
Rou t e 15.

0. 3

Intersect i on of Route 15 and Route 104.
on Route 10 4.

0. 6

Hills to th e north (ri gh t) a re underlain in part by
massive amp hiboli t ic gr ee nsto n e of the Tibbit Hill
formation. They ma rk t h e e ast e rn li mit of the Tibbit
Hil l f orma tion i n t h is a rea (Figure 3).

2.4

Road i nt er s e c tion. Pr oceed straight on Route 104 west.

3.0

Hill s to l e ft und er lain by feldspathic and amphibolitic
gr e enston e me mb ers o f t h e Tibbit Hill formation. The Fletcher
a nticline c rosses th e ri v er near this point (Figure 3).

4. 5

Ro a d i n terse c tion o n l e ft; pr o ceed straight on Route 104 west.

5.5

Ro ad intersec ti on on left; continue west on Route 15.

5.8

Pull o f f o n t he n or t hs ide of Route 1 04 just past the inter- .
sect i o n wit h roa d l eading o v er the Lamoille River.

Be ar right

l. Fairfa x Falls po wer s tation. Excellent examples
of the lo wer part of the Pinnacle Formation as seen in the
Gilson Mountain quadrangle outcrop on both sides of the road
and on both sides of the ri v er below the dam. We will confine
our stop to the roadcuts . Topping directions and bedding/
c l eavage relationships suggest this stop is near or atthe
axis of an upright anticl~nal hinge referred to as the Fair
fax Falls anticline on Figure 3. The massive chloritic wacke
contains abundant quartz - feldspar detritus. Thin sections
show the development of stilpnomelane • Numerous north dipping
k ink bands strike both in east northeasterly and west
northwestly directions. The dominant foliation strikes about
N20E and dips steeply to the east. Sn+l have similar strikes
but dips steeply to the west. Large clasts are rarely found;
however coarse conglomeratic facies occurs as a rather
·
consistent horizon to the east of the mapped trace of the
Fairfax Falls anticline (see Figure 3).
~

5.8

Continue west on Route 104.

6.4

Entering the Milton Quadrangle
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6.7

Junction with Route 128; bear to right on Route 104.

7.4

Cross the Lamoille River and enter the village of Fairfax.

7.55 .

Blinking yellow light; bear left on Route 104 west.

9.1

Outcrop on the north side of the road, just past road inter
section is typical example of the Fairfield Pond formation.

9.15

Intersection of Route 104A on left; bear right and continue on
Route 104.
Outcrops of quartz - rich dolomite of the upper Dunham and
the Cheshire quartzite on the east side of Route 104 as
you climb the hill. The Hinesburg thrust juxtaposes rocks
of the Fairfield Pond fm. against these lithologies (Carter,
1978). The Dunham occurrences along the fault mark the axis
of the Dead Creek Syncline of Booth (1950) and was interpreted
as a syncline on the Centennial Map (Doll et al. 1961)

10.1

To the west are hills underlain by the Pinnacle formation
coring the Georgia Mountain anticline

12.0

Road intersection on west; continue straight.

12.1

Road intersection on east; continue straight.

12.6

Road intersection on west .• this road leads to Beaver
Meadow, the type locality of the conglomerate to be visited
at stop 2; continue straight.

13.0

Farm on west side of road; pull off the road and await
instructions for parking for Stop 2.

z.

S1'.Q.E.
Park the cars and walk south to the outcrops
on the west side of Route 104. Allen McBean will lead the
discussion of these outcrops based on his Senior Research
on the Beaver Meadow conglomerate. Exposures of medium to
coarse grained wacke of the "upper" Pinnacle are exposed
adjacent to the road to the south. These rocks contain
pods of buff weathering dolomite which characterize the upper
Pinnacle in the Oak Hill Group of Quebec (W. Dowling, personal
communication, 1987). To the west the wacke is interbedded
with several horizons of conglomerate composed of slate and
previously deformed granitic gneiss and perthite. The igneous
boulders are well rounded and range in size from 5 to 40 cm.
The gneissic foliation of the clasts is randomly oriented with
respect to the schistosity of the matrix. Besides the
slate, sedimentary clasts include wacke and arkosic sandstone.
The slate fragments are more abundant to the west where the
boulder conglomerate is in sharp contact with the fine grained
dark green rocks of the Tibbit Hill fm. The hematiferous
slate fragments are lithically similar to the Call Mill slate
which stratigraphically overlies the Tibbit Hill in Quebec
(W. Dowling, personal communication). This and other evidence
is discussed in proposing that the Beaver Meadow conglomerate
marks and unconformity over the Tibbit Hill formation.

13.0

Proceed southerly on Route 104 to the unnamed dirt road which
is the first left turn.
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13. 8

Intersection of road to west; turn left onto this unnamed
dirt road.

14.4

T-intersection with another unnamed dirt r oad; exce ll ent
exposures of the White Brook dolomite outcrop i n low ridg es
on the west side of the road to the north; we will proceed
to the south (right turn).

15.3

Y intersection close to the contact of the Hinesburg Thrust
as mapped by Carter, (1978) ; bear LEFT at the inters ec tion.

15.6

Hill in front of yo u is Buck Hill underlain by Pinnacle Fm
rocks in the Gilson Mountain quadrangle.

16.4

CROSSROADS. Proceed north (LEFT) on paved road known as Buck
Hollow Road (unmarked) . We have now entered the Gilson
Mountain quadrangle.

16.7

Collins Farm on the east side of the road. Pull off the road
and await parking instructions. Proceed east along path in
the back of the cow barn to the outcrops in the pasture.
s.l'.QE. .l. This stop examines " the contact relationships

between the upper Pinnacle and the lower Fairfield Pond fm.
The contact is~not typical in that dolomite oc6urs
along the contact at this locality. Such occurrences are not
common in the Gilson Mountain quadrangle. The uppermost Pin
nacle is a quartz pebble conglomerate which locally is highly
calcareous. Proceed southward, along the ridge to outcrops
of the argillaceous quartzites and thinly laminated argillites
of the Fairfield Pond fm. Contact relationships with the
quartz pebble conglomerate will be seen. The structure and
outcrop distribution suggests a basin or dome structure cored
by the younger Fairfield Pond Formation. If time permits,
cross Polly Brook to the east to a synclinal hinge in the
thinly laminated Fairfield Pond formation outcropping east
of the brook. The syncline separates the two ridges displayins
the Fairfield Pond/ Pinnacle contact. The Fairfield Pond is
discussed in terms of its correllatives in Quebec (see Fig.2).
16.7

Proceed southward on the Buck Hollow road to the crossroads

17.1

At the CROSSROADS. Turn west (LEFT) onto unmarked dirt road.
Cliffaces on the west side of Buck Montain ahead are of coarse
facies of the upper Pinnacle formation.

17.8

Road intersections; continue straight.

18.1

Pull off road and wait for parking instructions. At mobile
home along east side of the road. Park and observe glacially
polished pavement outcrop kindly stripped of cover by the
landowner. NO HAMMERS ON THIS OUTCROP. Excellent hammer
exposures are located just off the west side of the road.
s.l'.QE. ~. Volcanic breccia of the Pinnacle formation

(CZpvb
on Figure 2,3,4). This unit is only found in a single horizon
approximately 60 meters thick which is folded into a ~eries of
north plunging synclines and anticlines on the east side of
the Buck Hollow anticline. The dominant foliation dips steeply
eastward with a strike of N35-40E. The rock breccia appears
homogeneous both in composition and size of the clasts;
however some variation is seen in the larger exposures on the
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west side of the road . The matrix also appears to be volcano
genie in origin and is tentatively interpreted as a tuff
breccia. On the west side of the road a thin horizon of tuff?
without clasts is seen on the western contact of the breccia
but this horizon is not continuous along strike. The Pinnacle
wacke exposed near the contact is more chloritic than the
wackes found near the top of the formation. The position of
the breccia in map pattern suggests that it does not occur
far from the top of the Pinnacle formation. The relationship
between this volcanic breccia with the unconformity overlying
the Tibbit Hill formation at Stop 2 is discussed.
18 . 1

Continue south on the dirt road to Huntville.
Outcrops on the east side of the road are massive wackes
and interbedded argillite of the Pinnacle formation

19.3

CROSSROADS marks the location of Huntville. Turn onto the
dirt road heading to the east (LEFT) •

20.4

T-INTERSECTION. Proceed north (LEFT) on dirt road.

20.9

Mobile home on the west side of the road. Again, a beautifully
exposed and clean outcrop provided by the landowner.
Park in the driveway and proceed to the outcrop north of the
mobile home.
~ ~. This stop is of the Fairfield Pond formation as
mapped in most of the Gilson Mountain quadrangle. Numerous
minor structures are preserved by the well bedded nature of
this formation. Fold axes of several generations plunge pre- dominately northward with west over east rotation. This
suggests the outcrop lies west of the synclinal axis separating the Buck Mountain and Fairfax Falls anticline. Fold
axes vary between N5W and N45E and plunge shallowly northward.
The dominant foliation dips moderately to the east and strikes
N30-45E. Sn+l is steeper and more northerly. NNW trending kink
bands dip northerly.

21.0

Proceed north on the dirt road

21. 4

Road intersection. Proceed east (RIGHT) onto paved road.

22.3

Approximate location of the trace of the Coombs Hill anticline

22.5

Road intersection; proceed straight ahead on paved road.

22.8

Road intersection. This is West Fletcher!
paved road.

23.1

Road intersection; bear left on the paved road.

23.3

Private road which is easily missed on the north (left) side
of road. TURN LEFT just past the tennis court.

23.5

Stop just short of metal gate on farm road back up and park
in clearing along the side of road and walk to the gate.
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5..1.'.Q.£ Q. Purpose of this stop is to examine the rocks on either

side of the West Fletcher fault. Just to.the north of the iron
gate on the east side of the road are excellent exposures
of argillite and wacke exposed in a fold hinge. The rocks
are interbedded with a horizon of calcareous greenstone which
is found about 200 feet north. Continue up the road about 1300
feet to. Y intersection with smaller woods road. Bear left and
walk about 450 feet to a small brook. Proceed downstream
to excellent rock exposures. The 500' traverse crosses rocks
of the Fairfield Pond fm. (85') into tan weathering rusty
phyllites (100') which have a gradational contact with black
carbonaceous phyllites and quartzites typical of the Sweetsburg fm. to be visited in stops 9 and 10 (280'). To the west
rusty phyllites (80') grade into the blsck phyllites. Along
strike the rusty and tan phyllites appear to be in
bedded contact with the coarse pebbly wackes of the Pinnacle
Formation to the west. Outcrop maps of the area availa~le to
participants at this stop will be used to discuss the alter
native interpretations of the black slate lithologies and
their contact relationships with adjacent rocks.
23.5

Return to the paved road.

23.8

At the intersection with paved road; proceed east (LEFT).

25.3

INTERSECTION with dirt road on north; proceed north (LEFT) on
the dirt road.

26.6

Lancaster's farm on the east side of the road south of the
road intersection. Pull to side of the road and await parking
instructions.

1. Pavement outcrops on the west side of the road
of amphibolitic greenstone member of the Tibbit· Hill formation
(CZtha). Walk about 1400' west across the pasture to tile sugar
house on the hill. Large ledge to the south of the sugar house
displays three dimensional exposures of structures interpreted
to be columnar jointing. Such features have not been reported
in the rift volcanics of the northern Appalachians.
Alternative explanations welcome!

SIQ£

26.6

Proceed north on the dirst road.

27.9

Road bends sharply to right (east).
'
T-INTERSECTION. Turn south (RIGHT) on dirt road.

28.1

Large outcrops on east side of road are typical massive
exposures of the amphibolitic greenstone member of the
Tibbit Hill formation.
28. 7

Cross small brook.

28.8

Turn LEFT at mailbox (Brodericks' residence)
Proceed up the driveway and await parking instructions.
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This stop will entail a 1/2 mile walk along
a marked trail which crosses an anticlinal limb of the
stratigraphy of the Tibbit Hill formation. Comparisons
of the stratigraphic section on adjacent flanks of the
anticline will be made. Of particular interest is the
interbedded elastic rocks of the Tibbit Hill formation
which clearly differentiates the Tibbit Hill of the Fletcher
anticline from the Tibbit Hill along the Pinnacle MountainEnosburg F~lls anticline to the north. 1:5000 outcrop maps
of the traverse will be available to participants at this
stop to aid in location and facilitate discussion.

Return tq cars and proceed back to the dirt road.
28.9

Intersection with dirt road; proceed south (LEFT).

29.5

Road intersection on right; continue straight.

30.3

INTERSECTION with paved road (Cambridge-Fletcher road)
Turn east (LEFT).

30.9

Y-INTERSECTION; BEAR LEFT onto dirt road.

31.2

Outcrops of amphibolitic greenstone mark the eastern limit
of the Tibbit Hill fm. '

31. 9

T-INTERSECTION; proceed north (LEFT) on dirt road toward
North Cambridge.

32.5

Road intersects on east side; This is North Cambridge! Proceed
straight p.head.

33.0

Intersection on right after crossing bridge. Pull off to side
and park. Proceed to outcrops on the east side of the stream.

s..Till:

~. The large outcrop of lithologies of the Underhill
formation (CZu) display excellent minor structures and well
developed schistosity surfaces. This outcrop is compared with
Sweetsburg formation rocks located on the west side of the
road just northwest of the intersection. If the group is of
reasonable size and/or willing, proceed down steep embankment
to the northwest of the Sweetsburg outcrop to fault melange
of Sweetsburg Formation lithologies. As of this writing,
the continuation of the fault has not been mapped. These
Sweetsburg lithologies mark the western limit of the Richford
syncline in this area; outcrops of typical Pinnacle wacke
containing detrital blue quartz grains outcrop to the west.

33.0

Turn east (RIGHT) at the road intersection.

34.8

Cross bridge followed by rai1roa~ tracks.

35.0

T-INTERSECTION with Route 108. Turn north (LEFT) onto 108.

37.7

Y-INTERSECTION with dirt road on west side of Route 108;
Bear LEFT on the dirt road and park on side of road south
of the bridge over Kings Hill Brook. ·
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Sl'.QE l.Q.. Tim Mock will lead the discussion of the rocks
observed at this stop. The rocks on either side of Route 108
are examined and include rocks identical t o those of the Pinnacle formation, the Underhill Formation and the Sweetsburg
formation. The Sweetsburg formation at this locality display s
interbedded marble and thin bedded quartzite along with the
more typical carbonaceous phyllite.
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Return to cars and proceed north to the intersection with
Route 108.
37. 8

Intersection with Route 108. Turn south (RIGHT) and head
toward Jeffersonville.

44.9

Intersection with Route 109 on west side of Route 108;
Proceed straight on 108.
Cross the Lamoille River.
INTERSECTION with Route 15; turn south (RIGHT) on Route 15.
Bear right at the blinking yellow light
Cross the Lamoille River

45.2
45. 4
45.7
47.7
47.9

Flashing yellow light at the "wrong way bridge", proceed
left at the light crossing the Lamoille River and staying
on Route 15.
Return to the Cambridge Pharmacy in Cambridge.
END OF TRIP
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LITHOFACIES , STRATIGRAPHY, AND STRUCTURE IN THE ROCKS OF THE
CONNECTICUT VALLEY TROUGH, EASTERN VERMONT
Norman L. Hatch, Jr.
U.S. Geological Survey, MS-926
Reston, VA 22092
Cady (1960) referred to the large area in eastern Vermont of
primarily gray metasedimentary rocks bounded by the Taconic unconformity
on the west and the Monroe line on the east as the Connecticut Valley-·
Gaspe synclinorium. This belt of rocks extends northeast from Vermont
across southeastern Quebec and out to the end of the Gaspe Peninsula
(Williams, 1978). To the south, it extends across western Massachusetts
(Zen and others, 1983) and western Connecticut (Hatch and Stanley, 1973;
Rodgers, 1985) to Long Island Sound. The emphasis on this trip is on
these rocks as a sedimentary sequence. The stratigraphic data that I
will show suggest that, at least in this area , the structure of the
rocks in this belt is better interpreted as anticlinal. The belt herein
will be referred to as the Connecticut Valley trough.
The rocks of the trough are gray slates, phyllites, schists,
micaceous quartzites, and punky brown-weathering quartzose marbles.
Metavolcanic rocks, primarily the Standing Pond Volcanics, constitute no
more than a few percent of the total section. Because the formations
that have been mapped in this package of rocks consist of different
proportions of the same metasedimentary lithologies, the Connecticut
Valley trough has long been considered to consist of one closely related
sedimentary sequence. Since publication of the Centennial Geologic Map
of Vermont (Doll and others, 1961), this sequence has been widely
accepted as Late Silurian to Early Devonian in age.
Recent discoveries in rocks of the sequence of Middle to Late
Ordovician graptolites in southern Quebec (Bothner and Berry, 1985) and
southeast of Montpelier, Vermont, (Bothner and Finney, 1986), and of
Early Devonian plants (Francis Hueber, Smithsonian Institution, written
commun., October 5, 1985) in southern Quebec have raised questions about
the age of the rocks and whether they do indeed represent one coherent
stratigraphic sequence. This field trip will not resolve the question
of the age(s) of.the rocks, but it should shed some light on whether or
not, or to what extent, they can reasonably be considered to form one
continuous sedimentary sequence.
The most recent published compilation of the rocks of the
Connecticut Valley trough in Vermont is that of Doll and others
(1961). On their map, the rocks of the trough are divided into three
formations--the Northfield, the Waits River, and the Gile Mountain. A
slightly simplified version of their map of these rocks is shown here as
figure 1. The present field trip is one outcome· of a project to restudy
the depositional history of the rocks in the area of the figure. These
rocks probably were deposited at or somewhere near the eastern margin of
North America during the time interval between the Taconian and Acadian
orogenies. Tentative conclusions of this restudy, which will be pointed
out and discussed on the trip, include (1) reassignment of the
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12°00 ·
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7 1°30'
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EXPLANATION
44"30'

Plutonic rocks

Gile Mountain Fm. and
Meetinghouse Slate Mbr.

G
Waits River Fm. and Standing
Pond Volcanics

44•00 ·

Northfield Fm.

43°30'

Figure 1. Geologic map of the metasedimentary rocks of the Connecticut
Valley trough of eastern Vermont north of about 43°30', modified
slightly from Doll and others (1961).
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Northfield Formation to a position above , rather t han below, the Waits
River Formation and consequent correlation of the Northfield with the
Gile Mountain, (2) recogni tion of at least three mappable lithof a c ies
within rocks previously mapped as undifferentiated Gile Mountain
Formation, (3) reinterpretation of the overall structure of the sequence
as something more closely approximating an anticlinorium than a
synclinorium, (4) a possible sedimentary model for the observed
lithofacies that suggests an easterly source for the sediments of the
sequence, and (5) some structural complex iti es that result from that
sedimentary model.
As noted above, the commonly accepted concept of the stratigraphy
of the Connecticut Valley trough (Doll and others, 196 1) divides the
rocks into three formations. The Northfield Formation forms a narrow
belt about 1/2 mile wide along the western margin of the trough (fig. 1)
and is interpreted by Doll and others (1961) as form ing the basal unit
of the sequence. They described the Northfield as consisting of "dark
gray to black quartz-sericite slate or phyllite with fairly widely
spaced interbeds a few inches thick of siltstone and silty crystalline
limestone ••• ". They showed the Waits River Formation on their map
explanation as being stratigraphical ly equivalent to the Gile Mountain,
but, on their cross sections, it appears as stratigraphically below the
Gile Mountain. The Waits River consists of dark-gray slate, phyllite,
or schist similar to that of the Northfie ld, interbedded with "gray
quartzose and micaceous crystalline limestone weathered to a distinct ive
brown, earthy crust" (Doll and others, 1961). This latter rock is
widely known to Vermont geologis t s as "the punky brown". At or near the
top of the Waits River is the Standing Pond Volcanic Member which
consists of a few hundred feet of amphibolite and greenstone. The th ird
formation of Doll and others (1961) in the trough sequence is the Gile
Mountain Formation. It, too, contains dark-gray phyllite or schist,
characteristically interbedded with light-gray micaceous quartzite.
Minor beds of brown-weathering crystalline limestone (marble) may be
present. Approximately the easternmost 1/2 to 1 mile of the Gile
Mountain was distinguished by Doll and others (1961) as the Meetinghouse
Slate Member, consisting of "gray slate or phyllite characterized by
beds of gray schistose quartzite 1/8 inch to 3 inche s thick". The
Meetinghouse was interpreted by them as forming the basal unit of the
Connecticut Valley sequence along the eastern margin of the trough (the
Monroe line) and thus to be approximately correlative with the
lithically similar Northfield Formation along the western margin of the
trough. The marginal surfaces of the trough, the Taconic unconformity
on the west and the Monroe line on the east, were interpreted by Doll
and others (1961) as unconformities. Note, however, that all of the
quadrangle reports (Eric and Dennis, 1958: Hall, 1959; White and
Billings, 1951; Hadley, 1950; Doll, 1944; Lyons, 1955) along the Monroe
line from which Doll and others (1961) compiled their map interpreted
the "Monroe line" as a fault and placed the Meetinghouse above, rather
than below, the main body of the Gile Mountain.·
Figure 1 shows that Doll and others (1961) have mapped two northsouth belts of both the Waits River and the Gile Mountain Formations.
The two belts of the Waits River join in the southern part of figure 1
at the south end of what Doll and others (1961, cross section C-C') show
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a s the Towns hend-Browningt on s yncline . Fisher and Karabinos (1980) and
I (fig . 2 ) have since reconfirmed from graded beds the correlation of
the two belts of the Wait s River and the structural nature of this
syn cl ine , which plunges gently north in this area. Figure 1 also shows
t hat the two be lt s of Gile Mount a in Formation come together at the north
end of the figure. The abundance of i ntrusive rocks in this area tends
to obs cure stratigraphic relations, but previous detailed mapping and my
own r econnaissance indicate that the eastern belt of Waits River does
t erm ina te northward, approximately as shown. This asyunnetric
distr i bution of formations east to west across the trough required Doll
and o thers (1961, cross sections) to pinch out the Waits River Formation
ea s twa rd between its eastern outcrop belt and the Monroe line.
Reconnaissance mapping in part of this area has shown that these
rocks can be subdivid ed further. One of the major objecti;es of the
t rip will be to demonstrate the newly differentiated lithofacies of the
Gile Mountain and to discuss what they may mean in terms of depositional
environment, stratigraphic sequence, and the implications to structural
interpretations. The following discussion, as well as the field trip,
will progress from west to east across the trough.
The Northfield Formation, to be seen at STOP 1, forms a narrow belt
a long the western margin of the mapped area (figs. 1, 2). Although
primarily dark-gray, aluminous, graphitic phyllite (or slate or schist,
depending on metamorphic grade) and minor brown-weathering marble beds,
the Northfield locally contains beds of light-gray, fine-grained
micaceous quartzite as much as a few inches thick that generally are
sharply bounded on one side but grade on the other side into dark-gray
phyllite. The thickness and grading style of these graded beds markedly
resemble those of the graded beds of the western belt of the Gile
Mountain (described below). Furthermore, at the localities where graded
beds were seen in the Northfield near the contact with the Waits River,
those graded beds all indicate that the Northfield overlies the Waits
River , contrary to the traditional view that the Northfield is
stratigraphically beneath the Waits River. Some of those graded beds
will be seen at STOP 1. If the Northfield is indeed stratigraphically
above the adjoining Waits River, then it is in the same stratigraphic
position as the Gile Mountain Formation as discussed below. It is hoped
that STOPS 1 and 2 will demonstrate the similarities between these two
units.
East of the Northfield is the westernmost of the two belts of Waits
River Formation. The contact between the two formations is gradational
through an interval of as much as a few hundred yards by eastward
increase in the number and thickness of brown-weathering quartzose
micaceous marble beds in a matrix of dark-gray aluminous phyllite. This
contact will be seen at STOP 1. In this western belt of Waits River,
these marble beds are 1 to 30 feet thick and constitute about 15 to 30
percent of the formation. Graded or ungraded beds of quartzite are very
rare in this unit.
In the middle of this western belt of Waits River is a narrow belt
of dark-gray phyllite with only minor beds of marble but with scattered
beds of graded micaceous quartzite. It is shown on figure 2 as a belt
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Figure 2. Geologic map of part of the area of figure 1 showing the
lithic subdivisions of the present study.
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of ''met apelit e '' fa cies 2 miles west of Roya l ton . Th is be l t doe s not
a pp ear on any published ma ps, a l though wha t may be the same belt is
indicate d on an unpublis hed ma nuscrip t ma p of the Barre 15-m i nute
quadrang l e by Richa rd Jahns and Wa l t er White cited by··Doll and others
(1961). Availab l e graded beds suggest that these r ocks fo r m a syncline
within the broade r bel t of Wa i ts River For mat ion (fig . 2). If so, they
ma y be ano t he r bel t of Gile Mountain corr e lative rocks . The abundance
of grade d beds i nt erme dia t e between that of th e Northfield and that of
t he wes tern belt of Gile Mountain is a t least compatib l e with that
cor re l at ion, although the fact that brown-weathering marble beds are
more abundant here than in either the Northfield or the western Gile
Mountain is not as readily explained.
Ea s t of the western belt of Wa its River is the western belt of the
Gile Mountain, which will be seen at STOP 2 . The rocks of this belt
form a very distinc t ive unit, the structural potential of which was
r ecogni ze d by Fisher and Karabinos (1980). It consists of thin
(g enerally 2-6 inches), almost universally graded beds of fine-grained
mi cac eous quartzite and gray phyllite or schist (fig. 3). In an
excellent detailed study of a small area around Royalton (figs. 1, 2),
Fishe r and Karabinos (1980) demonstrated from graded beds that the Gile
Mountain Formation (at leas t in that area) stratigraphically overlies
the two adjoining belts of Waits River. It had been so interpreted by
Do l l and others ( 1961) but without the benefit of documenting
s edimentary structures. My subsequent work with graded bedding north
and south of Royalton completely confirms those conclusions and further
demonstrates that the Gile Mountain is structurally as well as
s tratigraphically above the Waits River (fig. 2) --the TownshendBrownington syncline is alive, well, and real .
Nex t to the east from the western Gile Mountain belt is the eastern
bel t of Waits River Formation. As with the western Waits Ri~er belt,
thi s belt consists of gray phyllite or schist interbedded with gray,
brown-weathering, quartzose, micaceous marble. It differs from the
western belt primarily in appearing to have a slightly higher percentage
of marble beds (commonly 50- 80 percent). The interbedded schists also
app ear to contain significantly more quartz veins and to be somewhat
l ess aluminous. These rocks will be seen at STOPS 3 and 4.
At the east contact of the eastern belt of Waits River is the
Standing Pond Volcanics. In this area of gray metasedimentary rocks, it
forms a distinctive unit, generally only a few hundred feet thick, at or
very close to the contact between the eastern belt of Waits River and
t he eastern belt of Gile Mountain. The Standing Pond will be seen at
STOP 5. It has served as a critical marker horizon for working out the
s tructure of this part of Vermont (Doll, 1944; White and Jahns, 1950;
Lyons, 1955).
To the east of the Standing Pond is the eastern belt of the Gile
Mountain Formation (fig. 1). Although the lithologies of the eastern
and western belts of the Gile Mountain have only recently been
differentiated (Hatch, 1986), they differ quite markedly, particularly
south of about 44° latitude. In this part of the State, I have
subdivided the eastern Gile Mountain into two distinct lithofacies (fig.
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Figure 3. Photographs of the rhythmically graded facies of the western
belt of the Gile Mountain Formation. A, View looking north at exposure
near the south end of the Brownington syncline. Graded beds top to the
east (right). ~' Exposure at STOP 2. Graded beds top to the left.
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2), which will be seen at STOPS 6 , 7,8,and 9 . The western part of t he
eastern Gile Mountain belt consists of thick (up to 30 fee t) beds of
micaceous quartzite and quartz-feldspar-mica schist (fig. 4 ) . The se
rocks, particularly the schists, have a brownish cast in out crop or ha nd
s pecimen and contain no visible graphite, i n contrast to t he gr ay
graph ite-bearing schist beds of the western Gile Mountain. Fur thermore ,
grade d bedding is very rare in these rocks, which I i nterpret to be
metamorphosed, relatively rapidly deposited sands and muddy sands. They
contr ast to the more slowly deposited rhythmi cal l y graded rocks of the
wester n belt, which I interpret to be metamor phos ed turbi dites.
The eastern part of the eastern belt of Gile Mounta i n is underlain
by what is designated the quartzite/metapeli te fa c ies in figure 2.
These rocks are distinctly different fr om the ro cks of t he quartzite
faci es to the west (fig. 2) and, in some , but no t a l l, wa ys , resemble
the rocks of the rhythmically graded fa c ies of t he we s tern Gile
Mountain. The quartzite-metapelite faci e s roc ks are fine-gr ained,
light-gray micaceous quartzite and da r k-gr ay , alum i nous , gr aphitic
phyllite. Beds generally range in t h ickness fr om a f r ac ti on of an inch
to about a foot (fig. 5), and show much local variat ion i n contrast to
the more consistent bedding thickness of the rhythmica l ly graded facies
to the west (compare figs. 5 and 3). The quartzite/met ap elite fa~ies
rocks are believed to have formed as slowly de posited f i ne to very fine
grained silt and clay-sized sediment. Approx imate ly t he easternmost 1/2
to 1 mile of this fa cies is predominantly, and in s ome exposures
exclusively, dark-gray phyllite or slate. The s e roc ks were mapped by
Doll and others (1961) and by the quadrang le ma ppers from whom they
compiled as the Me etinghouse Slat e Member of the Gile Mountain
Formation. Al though all of the quadrangl e report s from which Doll and
others (1961) compi led the i r map plac ed t he Meetinghouse at the top of
the Gile Mountain, th ey pla ced it at t he bo ttom. Neither group
published any hard da t a on which to base their in terpr etation. My own
work has turned up abundant evidence for is oc l i na l f ol ding in'these
ro cks, but a s light ma jority of grade d be ds near the gradational western
contact of th e Meet inghouse suggests tha t the Meetinghouse may lie
stratigraphical l y a t the top , rather than at the bottom, of the Gile
Mountain. The r ocks of t h is eastern part of the eastern belt of the
Gile Mountain and t he Mee tinghous e wi l l be seen at STOP 9.
Figur e 6 i s a r eint erpr eted cro s s s ection across the trough. It
differs f rom t he cr oss s ections of Do ll and others (1961) in a number of
ways. First , for the reasons cited by Hatch (1985) and by Westerman
(1985), as we l l as the stratigraphic topping data cited here, both
boundari e s of the trough are shown as f aults. Second, not only the
Northfiel d, but also t he narrow belt of Northfield-like rocks in the
middl e of the western belt of Waits River are shown on figure 6 as
str a tigraphically above the Waits River and stratigraphically equivalent
to th e Gile Mountain. Third, the resulting configuration (fig. 6), as
not ed abov e, is more that of an anticlinorium than a synclinorium.
Figure 7 is an attempt to arrange the facies of the rocks in figure
6 int o a depositional model. The distribution of coarse- and finegrained rocks in figure 7 suggests an easterly source region,
part icularly for the Gile Mountain and correlative rocks. I further
sugges t t hat the apparent higher quartz content in the carbonate-quartz
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Figure 4. Photograph of the thick-bedded micaceous quartzite facies of
the Gile Mountain in the western part of the eastern belt. Pencil is
about 6 inches long.

Figure 5. Photograph of the quartzite/metapelite facies of the eastern
part of the eastern belt of the Gile Mountain. From cut on Route I-93
about 5 miles northeast of Barnet, Vermont. Coin is about one inch
across.
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sands of the eastern belt of Waits River and the lower alumina content
of the shales of the eastern Waits River relative to the western Wa'its
River rocks also could be interpreted to indicate an eastern source.
The significance of the higher percentage of carbonate sands in the
eastern Waits River is questionable, but the observed relations seem at
least compatible with an eastern derivation.
Lengthy speculation about the exact location of this easterly
source region for the Connecticut Valley trough sediments is beyond the
realm of this guidebook article. Suffice it to say, however, that
regardless of the exact age(s) of the trough rocks, if they are indeed
post-Taconian and pre-Acadian, the presence of Early and Late Silurian
and Early Devonian strata on the Bronson Hill anticlinorium severely
constrains the times during which the Bronson Hill could be a source.
Furthermore, the Bronson Hill contains no presently exposed or known
source rock for the carbonate sands of the Waits River. And finally,
present ideas on the Merrimack trough east of the Bronson Hill indicate
that it was receiving sediment from a western source from the Late
Ordovician on into the Silurian (Moench, 1969; Hatch, Moench,and Lyons,
1983). Whatever the answer to the question of the source area of the
Connecticut Valley trough rocks, it is not simple.
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ROAD LOG FOR TRIP B-3
Pertinent maps:
Topo maps, 7.5-minute scale, in order of the trip:
Northfield
Roxbury
Randolph
Bethel
South Royalton
Sharon
South Strafford
Geologic maps:
Doll and others (1961) (State map)
Ern (1963) (Randolph 15-minute quadrangle)
Doll (1944) · (Strafford 15-minute quadrangle)
The trip will assemble in the Norwich University (Northfield)
parking lot immediately south of the Cabot Science Building. Because
parking is limited at most of the trip stops, PLEASE consolidate into as
few vehicles as possible. The trip will return to the parking lot at
the end of the day.
LUNCHES: Bring a lunch or makings therefor. We do not plan to stop a t
any eatery or store.
A few stops will involve moderate walks along roads, but no
strenuous traverses are planned.
The total trip will involve about 100 miles round trip, so drivers
should please be sure to have sufficient gasoline before starting out.
Mileage
00.0
Norwich University parking lot.
From parking lot turn right (south) onto Route 12.
00.1
01.3

Bear left on Route 12 at junction with Route 12a.
Intersection of Route 12 with brand new (post map) section
of Route 64. Park on right shoulder of Route 12.
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STOP 1 (Roxbur y 7. 5-mi nut e quadrangle)
We wi ll examine the new cuts a t t h e i nt er s e ction and ea s t a long new
Route 64 . At the intersectio n, the exp osed ro cks a r e t ypica l of the
Northfield Format i on . The ro ck is medium-dark-gray, s l a ty , graphit ic ,
aluminous phyllite, here at biotite grade . Although bedding i s
diff icult t o see on the fresh surface s of the cut, t he g l acially
pol ished surf ace on the top of t he exposure shows a f ew beds an inch or
so thick of l ighter gray r ock. This lighter gray rock is richer in
qua rtz and poorer in micas and gr aphi t e than the darker phyllite and is
int erpre t ed to r epresent original si l t- r ich beds wi t h i n the sequence of
c l ay-si zed se d i ment. The grada tio nal and sharp boundarie s of these beds
of origina l l y coarser ( rel ative to clay ) silt ar e interpreted to reflect
graded bed ding f rom which pr i ma ry s tratigraphic tops can be
determined. A few thin ( 2- to 6- inch) bed s of brown-weathering
quartzo se marb le ("punky brown" of local j argon) are present.
To the east, up new Route 64, the ro ck i s predominantly the same
medi um-dar k-gray phy llit e wi th local thin beds of lighter gray
meta s ilt. Approx imat e l y 3 ,000 feet eas t of Rte. 12 t he punky brownweather ing quart zo se ma r ble be ds have i n creas ed gra dually in number and
t h i ckness. Here they are as much as 3 f ee t thick and form about 10
perc ent or more of the s ec tion . Previous mappers (R i chard Jahns and
Walt er Whit e, unpublished manus crip t map ) and I call these rocks the
Wai ts River For mation. The boundar y be tween the Waits River and the
Nor t hfiel d is somewhere in t he long cut through which we have just
wa l ked. It is clearly gradational by progr essive eas t ward increase in
quartzose marble in a sequence domi na t ed by Northfield-type phyllite.
Th e bedd i ng s tyle and the chara cter ist i c punky brown weathering of the
quartzose marble beds can be se en best on t he top surf ace of the very
eastern end of the cut . These rocks char ac t erize the western belt of
t he Waits Riv er Forma t ion, at least be t ween Barnard and Hardwick. This
wil l be our only formal stop in th is be l t. Although faint graded beds
f ac e both east and west through the l ong cut containing the .NorthfieldWai t s River contact , tho s e observed c lo sest to the contact face west.
I f correctly interpreted, these tops sugge s t tha t the Northfield is
s tr a t igraphically above t he Waits River, the opposite relation to that
presented by Doll and others (1961) and all previous reports. Graded
beds near the Nor thfield-Waits Rive r contact to the south near Bethel
( fig. 1) also sug gest that the Nor thf ie l d s tr atigraphically overlies the
Waits Rive r (fig. 2) (Ha tch, 1986) . Kee p .these relations and the faint
gr aded beds in t he Northfield in mind when we look at the rocks of the
Gil e Mount a i n For ma t ion at St op 2.
A s e co nd c leavage that s tr i kes about N25°E and dips about 45°NW is
locally wel l devel op e d and is a x ial planar to relatively open folds that
f old both be dd i ng and earlier s ch istosi t y. The earlier schistosity can
be loca lly demons t ra t e d t o be axial planar to isoclinal folds in
bedding.
Cub e s of pyrit e a bout 1/ 2 i nch across are abundant in a narrow zone
about 3 ,900 feet east of Route 12 . I have noted them elsewhere at about
t he same dis tan ce f r om th e wes t er n margin of the trough. Their
unfra ctured and undeformed character suggests that they formed
re l ativ ely la t e , af t er dev elopment of the folds and cleavages. One
int ere s t ing possib il i t y is that they might be related to Mesozoic
faulti ng.
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Return to the cars and continue south on Route 1 2 .
05.5

Parking area for Baker Pond boat access on the right.

05.7

Route 65 enters from left .

11.0

Village of East Braintree.

16.3
23.8
24.4

Continue straight on Route 12 .

Junction with Route 12A in Randolph Village.
Route 12 through village.

Bear left on

Follow Route 12 through Bethel Village.
At east end of Bethel Village, leave Route 12, which turns
right to cross the White River, and continue straight ahead
(southeast) on Route 7 EAST which came in from the right.

25.9

Troop E of Vermont State Police on right.

27.2

Pass under Route I-89.

27.9

Junction with Route 14.

28.6

Pass under railroad bridge.

29.4

Village of Royalton.

29.9

Pass under railroad bridge again.

30.4

Park in parking areas on right.

Turn right on Route 14.

STOP 2 (South Royalton 7.5-minute quadrangle)
Outcrops are in the White River just south of the road. The rocks
are very well bedded interbedded gray graphitic phyllite or schist and
light-gray, fine-grained micaceous quartzite in roughly equal
proportions (fig. 3). Most beds are graded in the same manner as those
at Stop 1. These rocks were mapped by Ero (1963) and by Doll and others
(1961) as the westernmost of the two belts of Gile Mountain Formation
(fig. 1). This exposure and others in the immediate area provided the
evidence upon which Fisher and Karabinos (1980) based their conclusion
that this belt of Gile Mountain Formation stratigraphically overli~s the
Waits River Formation that bounds it to the east and west. As a result
of two periods of folding, beds face both east and west in the exposures
at this stop, but numerous excellent exposures along both contacts of
this belt to the north and south between Barnard and southeast of
Montpelier (fig. 2) all support the interpretation of Fisher and
Karabinos (1980). Abundant structural data further indicate that the
belt forms both a structural and a stratigraphic syncline.
If my reading of the graded beds near the Northfield-Waits River
contact at Stop 1 and other locations is correct, the Northfield is
correlative with the rocks here at this stop. I suggest that the
faintly graded phyllite and quartzite at Stop 1 are a (slightly lower
grade) more distal facies equivalent of the rocks we are standing on
here.
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Return to the cars and continue east on Route 14 .
'

31.4
31 . 9

'
Turn left (north) onto Route 110 toward Tunbridge and
Chelsea.

Park on right shoulder of road.

STOP 3 (South Royalton 7.5-minute quadrangle)
Cuts on both sides of the road are in the eastern belt of the Waits
River Formation, east of the Gile Mountain rocks at Stop 2.
The rocks here are punky-brown-weathering quartzose marble, in beds
a s much as 10 feet thick, and graphitic quartz-mica phyllitic schist.
Thick beds of schist commonly contain beds of marble 2 to 4 inches
t hick. Quartz veins averaging 2 inches in width and 1 or 2 feet in
length are common and characteristic of the eastern belt of Waits
River. Compare the rocks here with the rocks at the eastern end of Stop
1 , particularly in terms of protolith and possible facies relations.
Also note that these rocks, as is almost universally true throughout
this eastern belt of Waits River, appear to be much more complexly
deformed than the rocks to the west. To what extent is this apparent
greater (more complex) deformation the result of more intense or complex
folding and metamorphism and to what extent does it result from the
greater ability, or propensity, of the carbonate rocks here to flow
during deformation? I favor some of both.
Return to the cars and continue north on Route 110.
32.1

Turn left onto a narrow paved road that goes back south
parallel to Route 110.

32.4

Rejoin Route 110 and go south.

32.8

Turn left (southeast) onto Route 14 South.

34.3

Park in parking area on right.

STOP 4 (South Royalton 7.5-minute quadrangle)
Outcrops of the eastern belt of the Waits River Formation are in
the White River on the right.
The rocks here are gray, graphitic, medium-grained phyllitic mica
schist and gray quartzose marble in beds 3 to 10 feet thick. The schist
contains many quartz veins. The marble beds are not only complexly
folded, but individual beds change in thickness along strike, suggesting
flowage during deformation. Although the Waits River rocks at Stop 1
showed two periods of folding and cleavage, the deformation here seems
more complex and intense than in the western belt. Note also the rusty
coating on the schists, which seems to characterize the Waits River
schists (particularly of the eastern belt) in contrast to the much less
rusty, lithically similar schists of the Gile Mountain.
Return to the cars and continue southeast on Route 14.
35.2

Town line, enter Sharon.

2ITT

B-3
35.9

Park in parking area on the right .

STOP 5 (Sharon 7.5-minute quadrangle)
Walk ahead (southeast) down Route 14 about 1,300 feet to a point
just east of a small brook crossing under t he road and go right to
outcrops in the White River.
The rock here is dark-gray-green amphibol ite assigned to the
Standing Pond Volcanics by Doll (1944) and Doll and others (1961). This
unit, which is generally only a few hundred feet thick, has played a key
role in working out the structure of this part of Vermont (Doll, 1944;
White and Jahns, 1950; Lyons, 1955). It is interpreted to be a
metamorphosed mafic tuff and, thus, should represent a time surface in
the midst of the metasedimentary pile. In this area, it occurs at or
very close to the contact between the eastern Waits River and the
eastern Gile Mountain, although it has been mapped locally at a
significant distance from it (see, for example, Doll, 1944; Lyons,
1955), suggesting that the metasedimentary unit boundaries are at least
locally time transgressive.
Return to the cars and continue southeast on Route 14.
36.8
Park on the right shoulder on the grass under or immediately east
of Route I-89.
STOP 6 (Sharon 7.5-minute quadrangle)
Walk back to outcrops in the White River about 600 feet northwest
of Route I-89.
The rocks here are distinctly brownish-gray quartz-feldsparbiotite-garnet micaceous quartzites and schists. A few beds of punkybrown-weathering quartzose marble are as much as 3 feet thick. These
rocks were mapped by Doll (1944) and Doll and others (1961) as Gile
Mountain Formation. Although definitive graded beds were not s~en in
the exposures along the White River, graded beds a few miles to the
north (fig. 2) do suggest that these rocks are stratigraphically above
the Standing Pond, in agreement with the traditional view.
Note, however, the differences between these rocks and the rocks of
the western belt of Gile Mountain at Stop 2. Here, the sand to shale
(quartzite to schist) ratio is significantly higher; the quartzite beds
are much thicker; the rocks are more feldspathic; the ·schists contain
much less, if any, graphite; the biotite content is much higher; and· the
overall aspect of the rocks is brown rather than gray. Yet the
available structural and graded bed evidence indicates that both the
rocks at Stop 2 and the rocks here stratigraphically and structurally
overlie the intervening belt of Waits River. Note also that punky brown
quartzose marble beds are more abundant and thicker here than at Stop
2. Finally, note that the Standing Pond Volcanics that separate the
rocks here from the Waits River to the west have not been observed
anywhere along either contact of the western belt· of Gile Mountain with
the bounding Waits River (Doll and others, 1961). Regardless of the
restored original distance between these two belts of exposure (shown as
about 25 miles by Doll and others, 1961, cross section C-C')., it seems
unusual that none of the Standing Pond volcanic tuf f is preserved along
or near the contacts of the western Gile Mountain belt. These relations
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a re presumably trying to tell us something about the history of thes e
r ocks, but, to date, they have not spoken cl early enough. In any event ,
I suggest that, if the rocks here are stratigraphica lly correlative with
the western Gile Mountain, they are a more proximal facies.
Return to the cars and continue east on Route 14.
37 .7

Village of Sharon.

Turn left (northeast) on Route 132.

37.9

Pass under Route l-89.

38.0
Park where you can near, but not obstructing, the Half Acre
Motel.
STOP 7 (Sharon 7.5- minute quadrangl e)
Walk up (west) the ramp toward Route I-89 North about 450 feet to
the outcrops on the right. KEEP OFF THE RAMP ROADWAY
The rocks here are in the same belt, or tongue, west of the
Strafford dome of Gile Mountain Formation as those seen at Stop 6.
Here, beds of brown micaceous quartzite are as much as 3 feet thick anq
the intervening schists are very quartzofeldspathic and graphite free.
Quartzo se marble beds, although present here, are rarely more than a few
inch es thick. I interpret the protoliths of these rocks to have been
coarse r grained and more quartzofeldspathic than the protoliths of the
rocks at Stop 2. They are mapped in figure 2 as the quartzite facies.
Return to the cars and continue northeast on Route 132.
40.8

Note gravel road to left to '~igh Lake'', formerly known as
Standing Pond. Would you believe the High Lake Volcanics?
Continue northeast on Route 132.

42.2

Cut s on both sides of the road at the top of the rise are
in the Waits River Formation in the core of the Strafford dome.

44.2

T intersection. Turn right (east) on Route 132 and
proceed through village of South Strafford.

44. 6

Route 132 turns left at the far end of the village--follow
it.

46. 5

The old Elizabeth Copper Mine is about 1/2 mile upslope to
your right (south). Despite the mine having been closed for about
30 years, note the iron stain in the West Branch of the
Ompompanoosuc River which you have been following.

48.9

Park close up on the right shoulder.

STOP 8 (South Strafford 7.5-minute quadrangle)
Outcrops are in the West Branch of the Ompomanoosuc River to your
r ight. This locality is called Rices Mills on the South Strafford 7.5minute and the old Strafford 15 minute quads.
The rocks here are brown to gray-brown, medium-grained micaceous
quartzite and quartz-mica schist, with very minor quartzose marble.
They have been mapped as Gile Mountain Formation, and I include them in
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the same "quartzite" facies as Stops 6 and 7. Beds are relatively faint
and are a few inches to a few feet in thickness. Graphitic pelites are
rare to absent. Again, I suggest that these rocks are a coarser
grained, more rapidly deposited, more proximal facies than the rocks of
the rhythmically graded western Gile Mountain facies seen at Stop 2.
Return to the cars and continue southeast on Route 132.
52.3

Make two left turns within about 50 feet.
Union Village and Union Village Dam.

52.8

Bear slightly left.
bridge.

Follow signs to

Do not turn right through covered

52.9
Enter grounds of Union Village Dam (U.S. Army Corps of
Engineers).
Follow paved road up to top of dam and park around the flag pole.
STOP 9. (South Strafford 7.5-minute quadrangle).
This impressive structure is the U.S. Army Corps of Engineers Union
Village flood control dam on the Ompompanoosuc River.
The rocks to be seen here have been assigned by Doll (1944) and by
Doll and others (1961) to the Gile Mountain Formation and to the
Meetinghouse Slate Member thereof. They are at the extreme eastern edge
of the Connecticut Valley trough; the Monroe "line" or fault (Eric and
others, 1941; Hatch, 1985, in press) that bounds the trough on the east
passes within a few feet of the covered bridge that you just passed in
the village. In this study, these rocks are mapped within the
quartzite/metapelite facies and the metapelite facies (fig. 2).
From the flagpole, walk about 400 feet northwest to a set of
pavement outcrops of interbedded dark-gray slaty phyllite and light-gray
micaceous quartzite. The beds of micaceous quartzite are mostly 2 to 4
inches thick, and some·are graded. The rocks and their bedding style
here are somewhat similar to the rocks at Stop 2, but are clearly very
different from the rocks at Stops 6, 7, and 8. Yet the rocks at Stops
2, 6, 7, 8, and 9 have been mapped previously as undifferentiated Gile
Mountain Fo.rmation (excepting the separation of the Meetinghouse). I
interpret the rocks here to have been deposited originally as fine silt
and mud, in contrast to the rocks at Stops 6, 7, and 8 that I interpret
to have formed as sand and muddy sand. Differences between the rocks
here and those at Stop 2 are primarily that the rocks at Stop 2 are more
regularly bedded (more consistent bedding thickness) and more
consistently graded.
Structures readily seen in these outcrops include isoclinal folds,
minor faults, and cleavages The dominant schistosity in the phyllites
is parallel to the axial planes of the isoclines that are believed to be
the earliest folds. The axes of these folds are subhorizontal. Many
beds near fold hinges have been offset a few inches or more along plane-s
that parallel the axial planar schistosity. Similar faulting has been
observed elsewhere near the eastern edge of the trough. I suggest that
the faulting and isoclinal folding were roughly synchronous and that
both formed in a compressional regime during early stages pf the Acadian
orogeny. I further suggest that the minor faults seen here may be
indicative of larger scale Acadian thrusting along the Monroe fault
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zone. Note the quart z veins tha t have been folded isoc linally with the
beds , indicating that at least some of the quartz veins in thes e rocks
f ormed early in the deformational history.
.
From these exposures, walk south about 500 feet to a vertical cut
i mmediately north (upstream) of the concrete spi llway dam. PLEASE do
not cross over the spillway dam despite the tempting outcrops on the
ot her side. Pertinent features can be seen on the north side of the
dam. The rocks here are the same as those just seen, with the addition
of some late structures. Conspicuous are kink folds and kink bands that
def orm both bedding and the dominant schistosity and appear to be the
youngest structures in the rocks. The kink bands strike northeast,
parallel to bedding and schistosity, but dip only about 40° west in
contrast to the essentially vertical bedding and schistosity. Also
present here is a 3-inch-wide zone of brittle crushing that parallels
the early schistosity. Similar kink bands are present along the trend
of the Monroe fault to the north and south, as well as along the
Ammonoosuc fau l t to the northeast. Similar crushed zones are displayed
very well to the north at the point where the Monroe fault crosses the
new cuts for Route 1-93, a few miles west of Concord, Vermont. All of
these structures are interpreted to have formed as a result of Mesozoic
extensiona·l normal faulting, extending north from the Mes ozoic basins
along the Connecticut River valley in Connecticut and Mas sachusetts.
Walk up the slope, past the cars, and continue along the road
across the top of the dam to outcrops at the east end of the dam . In
this vertical cut, you can see more isoc linal fold hinges and more
truncations along vertical planes parallel to the early schistosity.
The hinges of the isocl ines appear to plunge very gently north to
horizontal. Note the presence here of some quartz veins that are
signi ficantly thicker (6 to 12 inches) than those at the west end of the
dam. They cut both beds and schistosity and, thus, are later than other
thinner veins here that parallel schistosity and may be of the earlier
generation. Perhaps these later thicker quartz veins are Mesozoic.
A few hundred feet southeast down the now blocked-off road is an
exposure in which two sets of kink bands can be seen dipping moderately
northwest and southeast. This conjugate set suggests vertical
compression, compatible with the vertical crushed zone at the west end
of the dam and with Mesozoic ext ension. Continue about 500 feet
southeast down the blocked-off road to a small exposure on the left of
dark-gray, graphitic slate typical of the Meetinghouse Sl ate.
Continue south down the blocked-off road. Turn right on the paved
r oad and follow it about 1,000 feet south. About 90 feet before the
cover ed bridge (yes, the same one you saw driving in) is an outcrop on
the right of greenstone with excellent slickenlines plunging directly
down the subver tical slickenside surface that parallels the
schistosity. This rock was mapped by Doll (1944) and by me as being
immediately southeast of the Monroe fault. I interpret the
slickensiding to be Mesozoic and related to th e crush zone and the kink
folds and kink bands that you have just seen. Continue through the
cov ered bridge to the T intersection. Meetinghouse Slate is exposed at
a number of small outcrops here. Turn right at the T and walk back up
to the cars at the top o.f the dam.
This is the end of the trip.
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For the fastest route back to Northfield, retrace the roadlog· back
to Stop 7 (Mile 38.0 on the roadlog) and turn right up the ramp onto
Route I-89 North. Follow Route I-89 North to Exit 5 and take Route 64
west to Route 12 to Northfield Center and Norwich University.
For the fastest route south, go back down to Union Village and
follow Route 132 South to Route 5 south to Norwich where you can pick up
Route I-91 South which in turn leads to Route I-89 South.
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HISTORY OF GLACIAL LAKES IN THE DOG RI VER VALLEY,
CENTRAL VERMONT
by
Frederick D. Larsen
Department of Earth Science
Norwich University
Northfield, Vermont 05663
INTRODUCTION
The area traversed on this field trip lies on the Montpelier, B3rre West, Northfield, and Roxbury 7.5-minute U.S . Geological Survey topographic maps in central Vermont. The terrain is
underlain by metamorphosed eugeosynclinal rocks that are part of
a canplex zone of imbricate slices bounded by thrust faults.
The age of rocks west of the Dog River is Cambrian and Ordovician.
To the east the age of the rocks is under debate, but they
are in the range of Ordovician to Devonian. The rocks in central Vermont were deformed during the Acadian orogeny and were
intruded by Barre-type granites about 380 million years ago.
Erosion has produced a crude trellis drainage pattern characterized by alternating linear ridges and subsequent valleys
that trend north-northeast/south-southwest (Fig. 1).
Local relief is on the order of 300 meters (1,000 feet) with Scrag Mountain, elevation 887.5 meters (2,911 ft), being the local high
point in the Northfield Range.
Critical to an understanding of the deglacial history of
the area is the drainage divide separating north-flowing tributaries of the Winooski River from south-flowing tributaries of
the White River (Fig. 1).
In the larger view this divide separates the St. Lawrence River and Connecticut River drainage basins.
In late-glacial time, low spots on the drainage divide
acted as thresholds for proglacial lakes that formed after the
ice margin had retreated north of the divide. The important
thresholds that controlled local ice-marginal lakes are, fran
west to east: (1) Granville Notch, 430 meters (1,410 ft) ASL,
(2) Roxbury, 308 meters (1,010 ft) ASL, and (3) 4.0 kilometers
south of Williamstown, 279 meters (915 ft) ASL.
A fourth
threshold, located at the head of Brookfield Gulf (Ayers Brook)
12 kilometers south of Northfield, has an elevation of 436 meters (1,430 ft) ASL.
A small proglacial lake that developed
north of this threshold has no major depo~its associated with
it, and did not play a major role in the deglacial history.
The purposes of this field trip are to: (1) study glacial
and postglacial sediments in order to document a sequence of
down-dropping proglacial lakes and thereby establish the pattern
of deglaciation, and ( 2) evaluate postglacial rebound as measured by Koteff and Larsen (1985 and in prep.).
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Figure 2.
Portion of Plate XXI from Merwin (1908): (A) sketch
map of northwestern Vermont; (B)-(D) lake stages in northwestern
Verm ont; (B) a, marginal lake south of Northfield (945 ft); b,
Lak e Williamstown (890 ft) discharging into the Connecticut River; (C) a, Second Lake Lamoille, b, First Lake Winooski at a
stage represented by an altitude of about 745 feet at Plainfield,; (D) a, Lake Mansfield, b, Lake Vermont or Lake Albany.
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HISTORICAL BACKGROUND
Merwin (1908) apparently made the first substantial study
o f glacial lakes in the Winooski drainage basin. He rec og nize d
that the ice margin retreated to the northwest resulting in a
sequence of glacial lakes (Fig. 2).
In his stage I, Merwin rec ognized two early ice-marginal lakes in the valleys of the Stevens Branch and Dog River. The lake in the Stevens Branch valley
he named "Lake Williamstown", which "discharged into the Connecticut River" (Fig. 2B). He identified the lake in the Dog River
valley as "a glacial lake south of Northfield". On the map,
Merwin shows this lake draining north into the ice and not south
into the Connecticut River basin as the evidence suggests. This
latter feature has been named Lake Roxbury because the threshold
of the lake is located in the village of Roxbury (Larsen, 1972) .
Merwin did not recognize a third lake of about the same age in
the Mad River valley. That lake has been named Lake Granville
because its threshold is located at Granville Notch (Larsen,
1972).
The name "First Lake Winooski" was used to describe an icemarginal lake that extended frcrn Middlesex to Plainfield and into the lower valleys of the Dog River and the Stevens Branch
(Fig.2C).
First Lake Winooski was "represented by an altitude
of 745 feet at Plainfield" (Merwin, 1908).
It is not clear
where the outlet for the lake was located, however, we can _surmise that he thought that drainage was to the west on or through
the ice. Today, it is apparent that, as long as ice blocked the
Winooski drainage on the west, meltwater was forced to flow into
the Connecticut basin by way of the Stevens Branch valley.
In a
third stage, Merwin recognized a "Lake Mansfield" that occupied
the Stowe valley north to Morrisville and the Winooski valley
from Barre to Jonesville. The outlet for Lake Mansfield was on
the west side of the Green Mountains and into a glacial lake in
the Champlain Valley.
Merwin worked only one summer (1906) and covered all of
northwestern Vermont. His analysis suffered from a lack of modern topographic maps with gooo altitude control. Because. of his
early recognition of a logical sequence of glacial lakes in the
Winooski basin, I have retained his terminology for three lake
stages in central Vermont (Larsen, 1972).
Stewart and MacClintock (1969) did not follow Merwin, and
devised a sequence of glacial lakes in central Vermont that, in
my view, cannot be defended. Their sequence of diagrams (1969,
Figs. 18-22) clearly requires 73 meters (240 ft) of erosion at
the Roxbury threshold and 33.5 meters (lfO ft) of erosion at the
Williamstown threshold following ice retreat. This is in spite
of the fact that, in each case, constructional ice-contact landforms located immediately north of each threshold ·are graded to
the present-day threshold, and not to some higher level. The
reader is invited to read Stewart and MacClintock (1969, p. 139158) in order to make a judgement.
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M

ROXBURY

WILLIAM STOWN

mi les

Figure 3 .
Prcglacial lakes of Stage I: Lake Granville , Lake
Ro xbury and Lake Williamstown.
Individual shorelines are based
on a projection rising 0.90 m/km toward N21.5ow from the threshol d of each lake. Solid triangles denote deltas graded to a lake
l evel.
In Figures 3-5 the ice margin damming each lake is shown
a s a short direct line for diagrammatic purposes. Tongues of
s tagnant ice probably occupied much of the area of each lake
s h own.
(Explanation for Figures 3-5; B, Barre; H, Huntington;
J, J onesville; I, Irasville; M, Montpelier; Mi, Middlesex; Mo,
Moretown; N, Northfield; NU, Norwich University; P, Plainfield;
Ri, Riverton; Ro, Roxbury; W, Waterbury; Wa, Warren; Wi, Will iamstown; Wo, Worcester.)
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GLACIAL LAKES IN THE WINOOSKI VALLEY
In 1972, I proposed a three-stage sequence of glacial lakes
in the Winooski valley (Larsen, 1972).
In simplest terms, Stage
I consisted of three separate ice-marginal lakes that drained
south over separate thresholds, Stage II saw integration of
those smaller lakes into one large lake draining south, and
Stage III occurred when meltwater was permitted to drain west
through the Green Mountains.
Stage I II

Lake Mansfield II
Lake M.ansf ield I

Stage I I
Stage I

STAGE I

Lake Winooski

I
I

Lake
Granville

drained west

I

I Roxbury
Lake
I Williamstown!
Lake
I

drained south
drained
south

LAKE WILLIAMSTOWN, LAKE ROXBURY, LAKE GRANVILLE

Three proglacial .lakes developed when the north-draining tributaries of the Winooski River, the Mad River, the Dog River and
the Stevens Branch were dammed on the north by tongues of the
retreating ice sheet. These lakes drained southward over
thresholds located at: (1) Granville Notch, (2) Roxbury, and (3)
4.0 kilometers south of Williamstown (Fig. 3). From west to
east, the lakes are named Lake Granville, Lake Roxbury and Lake
Williamstown.
Evidence that these lakes existed is shown by
ice-contact deltas that are graded to the controlling threshold
in each lake basin.
A Lake Granville delta can be seen at Stop
3 (Hartshorn pit) on Field Trip C-1 (Ackerley and Larsen, this
volume) and a Lake Roxbury delta will be seen on this trip at
Stop 6.
In this latter feature, the Roxbury delta, foreset
beds, dune crossbedding, and ripple-drift cross-lamination all
indicate transport to the south during deposition. The surf ace
of the Roxbury delta is pockmarked with kettles on the north and
was fed by a subglacial stream as indicated by an esker that extends 2.0 kilometers east-southeast from the head of the delta.
Retreat of the ice margin to the north resulted in northeastward expansion of Lake Roxbury.
At Riverton (Stop 2),
south-dipping crossbeds in esker gravel and subaqueous outwash
testify that Lake Roxbury existed at least 14.3 kilometers
northeast of its threshold.
Continued downwasting and retreat
of the ice margins bordering Lakes Roxbury and Williamstown finally resulted in the lowering of Lake Roxbury by 24.4 meters
(80 ft) to the level of Lake Williamstown. This occurred when
the ice withdrew below the 1,040-foot contour on the ridge separating the valleys of the Dog River and the Stevens Branch, or
earlier. The locality is on the Barre West quadrangle, 3.7 kilometers north of Berlin Corners.
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WINOOSKI
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5 mile s

Figur e 4.
Stag e I I . Approximate shoreline of glacial Lake
Winoos k i based on a projection rising 0.90 m/km toward N21.5°W
from the 279-meter threshold "4.0 kilometers south of Williamstown.
Solid triangles denote meteocic deltas built during $tage
II. ( See Fig ure 3 caption for abbreviations of town names.)
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STAGE II

LAKE WINOOSKI

The draining ,of Lake Roxbury to the level of Lake Williamstown marked the beginning of Lake Winooski, a major proglacial
lake that drained south over the Williamstown threshold.
At its
maximum extent, Lake Winooski extended throughout the valleys of
the Mad River, the Dog River, and the Stevens Branch.
It is not
clear whether Lake Winooski ever extended northward into southdraining tributaries like the North Branch or the Kingsbury
Branch. Careful inspection of the North Branch area north of
Montpelier on aerial photographs and topographic maps reveals no
delta or terrace on or near the projected shoreline of Lake Winooski. This implies that the North Branch valley was filled
with ice when Lake Winooski existed. The upper Winooski valley
and the Kingsbury Branch valley also may have been filled with
ice when Lake Winooski existed.
Figure 4 is confirmation of the amount of postglacial rebound reported by Koteff and Larsen (1985, and in prep., see
Field Trip 'A-3, this volume).
In the Connecticut Valley, the
Lake Hitchcock shoreline has been measured to be planar and to
rise 0.90 m/km (4.74 ft/mi) toward N21.5°w. The uplift of the
land was due· to the removal of the weight of the ice sheet.
Uplift appears to have been delayed until after the Champlain Sea
incursion started (Fig. 8 and text, Field Trip A-3, this volume).
Because Lake Winooski is older than the Champlain Sea, - we
can assume that the amount of postglacial uplift measured for
Lake Hitchcock applies to central Vermont, and probably to much
of western New England. Therefore, using the value of 0.90 m/km
to N21.5°W, I projected a shoreline on the topographic map from
the Williamstown threshold at 279 meters into the Winooski basin
as an approximation of the shoreline for glacial Lake Winooski
(Fig. 4). The projected shoreline falls right on the break-inslope of 6 deltas in the Dog River valley and 4 deltas in the
Mad River valley. The 10 deltas are all meteoric deltas that
formed after the ice margin had retreated to the north permitting integration of the three lakes of Stage I into one Lake
Winooski. The fact that 10 deltas fall right on the projected
shoreline confirms both the existence and position of Lake Winooski and the value of postglacial rebound of Lake Hitchcock as
measured by Koteff and Larsen.
Retreat of the ice margin that blocked Lake Winooski to the
west-northwest down the Winooski valley can be documented at
three localities: (1) on the south bank of the Winooski River
3.4 kilometers southeast of Middlesex, (2) at the Vermont High~
way Department pit 2.0 kilometers north of Middlesex, and (3)
north of the railroad 5.0 kilometers west-northwest of Waterbury. At these localities crossbedding in esker gravel and/or
subaqueous outwash consistently dips to the east-southeast indicating that a subglacial meltwater source lay immedi'ately to the
west-northwest in the retreating ice sheet.
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LAKE MANSFIELD I

threshold

Brook threshold

B
0

0
0

4
km

NU

Wi

5
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Figu re 5.
Stage III. Approximate shoreline of glacial Lake
Mansfi eld I based on a projection dropping 0.90 m/km toward
S21.5°E from the 229-meter threshold just southwest of Gillett
Pond.
Exact position of shoreline in the Winooski basin east of
Middlesex is conjectural because older lake-bottom deposits that
once stood higher than the projection probably have been removed
by erosion.
(See Figure 3 caption for abbreviations of town
names.)
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STAGE II I

LAKE MANSF I ELD

When the i ce margin r etreated t o Jones ville a nd Hun ti ng ton ,
meltwater was able to escape to the west through the Gree n Mountains and south in the valley of the Huntington River (Fig. 5).
Lake Winooski was lowered to the level of Lake Mansfield I an d
the 279-meter threshold south of Williamstown was abandoned.
Lake Mansfield had more than one phase because there are se veral
possible thresholds in the vicinity of Hunting t on ranging from
229 meters (750 ft) at Gillett Pond to 204 meters (670 ft) at
the Hollow Brook threshold 3.0 kilometers southwest of Huntin gton.
Wagner (1972) has identified three lakes that dra i ned
southwest through Huntington and ultimately over the Hollow
Brook threshold.
For simplicity, as it pertains to the early
postglacial history of central Vermont , I recognize Lake Mansfield I (Gillett Pond threshold) and Lake Mansfield II (Hollow
Brook threshold) •
If we project a shoreline fran the 229-meter Gillett Pond
threshold with a gradient of 0.90 m/km down toward S21.5°E , that
projection extends into the Dog River valley to Northfield
Falls.
However, Lake Mansfield I did not occupy t he Dog River
valley because older lake-bottom deposits lie at least 15 meters
(50 ft) above the projection.
Stream terraces cut into the
older lake-bottom deposits fall on the projection, indicating
that the early Dog River was flowing north at that time, or .later. In the Mad River valley most of the major stream terrace's"
fall on a concave-up profile that appears to join the above projected shoreline at an elevation of 213.4 meters (700 ft) at the
village of Moretown (Fig. 6).
On the east side of the Mad River
valley, 2.7 kilometers northeast of Moretown, a small delta appears to be graded to the Gillett Pond projection (Fig. 6) .
Other f luvial surfaces that appear to be graded to this p r ojection are 3.2 kilometers north of Montpelier and 4.0 kilometers
west-northwest of Montpelier.
Important large deltas at Worcester and 2.4 kilometers west of Stowe are about 14 meters (45 ft)
above the Gillett Pond projection and probably were graded
across ice, or to an unrecognized threshold.
Retreat of ice from the Gillett Pond threshold permitted
Lake Mansfield I to drop 20 meters to the Hollow Brook threshold .
A shoreline projected southeast from the Hollow Brook
threshold, 20 meters below the Gillett Pond projection, intersects older lake-bottom deposits everywhere in the Winooski basin east-southeast of Waterbury. Therefore, Lake Mansfield II
did not extend east of Waterbury and the Winooski River and all
of its tributaries east of Waterbury were pow on a fluvial grade
to Lake Mansfield Phase II. The stream terrace to be observed
at Stop 2 and other major terraces in the Dog River were part of
that fluvial system (Fig. 7).
Retreat of the ice margin fran
_the lower Huntington River caused the draining of L·ake Mansfield
II to a lower lake thus permitting the Winooski River and its
tributaries east of Waterbury, like the Dog and Mad Rivers, to
erode down to their present levels.
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F ig ure 6. Pro j e c te d prof i le showing elevation of major ter r aces
(solid dots) in the Mad River valley . The levels of Lakes Granv ille, Wi noos k i , Mansfield I, and Mansfield II are shown rising
tow a rd N2 1°W. Deltas built into Lake Winooski are shown by triangles. Terraces below the Lake Winooski level appear to form a
single, c oncave-up, fluvial profile gr aded t o glacial Lake Mans field I a t Moretown.
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Fi gure 7.
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Major terraces in the Dog River valley appear to be graded to both Lake Mansfield I and Lake Mansfield
I I.
Solid line at base is proje c ted profile o f the Dog River.
Line with short dashes is highest level of lake-bottom deposits.
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QUATERNARY SEDIMENTS OF THE DOG RIVER VAL LEY
Ev i dence for more than one glaciation has not been f ound
dur i ng detailed mapping of the Dog River valley in the Northfield and Roxbury 7.5-minute quadrangles.
A small exposure of
saprolite represents preglacial material and will be visited at
Stop 3. Three facies of till are recognized: (a) a greenishgray sandy till on the west flank of the Dog River valley, (b) a
gray silty till on the east flank, and (c) a gray clayey till in
and near the valley bottom.
The greenish-gray till is similar ·
in color to underlying bedrock of the Moretown Formation. The
gray silty till is similar in color to underlying bedrock of the
Northfield and Waits River Formations.
The gray clayey till is
canposed of deformed clay and silt layers resembling varves
formed in a glacial lake.
This suggests that the last ice sheet
dammed a lake in the north-draining Dog River valley just prior
to its advance over the region.
The following three sedimentary units are found in a fining-upward sequence at six different pits in the Dog River valley (Fig. 8). The sequence is nearly identical to that described
by Rust and Romanelli (1975) for subaqueous outwash. in the Ottawa, Ontario, region.
The similarity between the sediments that
they described in the Ottawa region and those in the Dog River
valley is truly remarkable given the physical differences in the
two respective environments of deposition.
In the Ottawa area,
deposition apparently was in a broad, open lake in a region of·
low relief, whereas in the Dog River valley, deposition was in a
very narrow lake in a region of moderate relief.
Coarse-grained ice-contact deposits are common along the
axis of the valley between Riverton and Roxbury.
Poorly sorted
pebble gravel with cobbles in south-dipping crossbed sets 2.0
meters thick canmonly is interbedded with pebbly coarse to fine
sand and silt.
The deposits are confined to narrow elongate
areas that are interpreted to be segments of eskers formed by
subglacial meltwater streams. Till is rarely observed under the
esker sediments and bedrock scoured by meltwater is canmon. The
sediments are rarely collapsed except on their outside margins.
The situation requires a subglacial meltwater stream capable-of
eroding and reworking till. The model of subglacial fluvial
erosion described by Gustavson and Boothroyd ( 1982) for the Malaspina Glacier, Alaska, appears to be applicable here.
In
their mcidel a groundwater table (potentianetric surface) rises
upglacier from a proglacial· lake and supplies the head required
to drive meltwater and meteoric precipitation through a subglacial stream system.
Such a system is required in order to explain the observations made, and to supply the large quantities
of subaqueous outwash observed in the Dog River va·1 1ey.
Overlying the coarse-grained
to 5.0 meters, or more, of medium
gravel in trough-crossbed sets 10
dip direction of the crossbeds is
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to very coarse sand and pebble
to 50 centimeters thick. The
highly variable, although gen-
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DEPTH

GRAIN SIZE
(SED. STRUCTURES)

DIRECTION
OF' SED.
'J;'RANSPORT

clean pebb l e g ravel
pebbly coarse sa n~
(pl an ar and trough
cross beds)

nor.th

s tre arnterr ace
deposits

fine to very fine
sand, si lt, clay
(ripple-drift
cross-lamination)

south

distal
subaqueous
outwash

south

UN I T 2

medium to very
coarse sand, pebble
gravel
(planar and trough
cross beds)

proximal
subaqueous
out wash

south

UN I T 1

poorly sorted
pebble gravel
with cobbles and
b ou lde r-s, very
coarse sand
(large-scale
er ossbeds)

(~8TERS)

UNIT 4

UNIT 3

INTERPRETATION

esker
grave 1
formed
in
subg lac ial
tunnel

Figure 8.
Generalized stratigraphic section for gravel pits in
the Dog River valley.
Units 1, 2 and 3 constitute a fining-upward sequence produced by northward retreat of an ice margin in
a lake.
Sediment is delivered to the lake floor b¥ south-flowing turbidity currents issuing from a subglacial tunnel. Unit 4
was formed after the lake drained (Compare with Rust and Romanelli, 1975~ depth scale is not linear).
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erally it has a southern component . At some localities the .dip
direct i on is at right angles to the t rend of the esker deposits .
~t Stops 2 and 8 large channels truncate well-bedded medium and
fine sand. The channels are filled with structureless medium
sand and contain clasts up to 20 centimeters long of very fine
s and and silt.
A broad U-shaped channel 16.5 meters wide and
2.0 meters high was formerly exposed at Stop 8 about 15 meters
north of the esker gravel. The observations indicate that deposition of Unit 2 was by density currents close to the mouth of a
subglacial tunnel.
I characterize Unit ~ as proximal subaqueous
outwash (Fig. 8).
Second to till, Unit 3 is the most widespread surficial
unit in .t he Northfield 7.5-minute quadrangle.
It underlies an
area about 1.0 kilometer wide along the bottom of the Dog River
valley. The deposits consist of fine to very fine sand, silt
and clay that are often rhythmically bedded.
In places, angular
ice-rafted clasts are common.
Ripple-drift cross-lamination
formed by south-flowing turbidity currents indicates formation
of Unit 3 as distal subaqueous outwash in south-draining Lake
Roxbury.
Fine-grained lake-bottom deposits, for example varved
silt and clay, that might be associated with north-draining Lake
Winooski are not common, or are difficult to recognize.
A large
portion of Lake Winooski bottom deposits probably were removed
by post-lake stream erosion, because in many exposures streamterrace gravels rest directly on fine sand with south-dipping
cross beds.
Unlike Units 1 and 2, which are relatively undeformed except for minor faults, Unit 3 displays various degrees of deformation. At two construction sites studied in 1979 and 1981 at
Norwich University highly deformed (collapsed) ice-contact lake
deposits were observed to grade upward through lesser deformed
sediments into undeformed lake-bottom deposits.
This indicates
that lake-bottom sedimentation was contemporaneous with melting
of buried ice, and suggests a somewhat different configuration
of the ice margin than that shown .. bY Rust and Romanelli (1975,
Fig. 14) (Fig. 9).
Deltaic deposits of Lake Roxbury are exposed only at Stop 6
( Roxbury delta) where sediments range from pebble gravel with
cobbles to very fine sand and silt.
Crossbedding at all scales
indicates transport to the south during deposition.
Compared to
the Roxbury delta, the younger Lake Winooski deltas generally
are finer grained with clean pebble gravel in the topset beds
and pebbly medium to coarse sand on the sides of the deltas.
Stream-terrace deposits, alluvial fan.deposits, and alluvium are all similar in that they consist mainly of pebble gravel
and pebbly coarse sand. They each display medium-scale crossbeds
and imbricated flat pebbles that indicate down-valley transport
of sediment after glacial Lake Winooski had drained~
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SHAPE OF THE ICE MARGIN DURING RETREAT
A sequence of three fining- upwa rd sedimentary units in s ubgla c ia l and s ubaque ous outwash in the noq River valley is nearly
id entical to that described by Rust and Rananelli (1975) in the
Ottawa, Ontario, region. In two of their "Depositional mooels
f or subaqueou s outwash in ridges at the ice front", Rust and
Romanel li (1975, Piq. 14) show a retreatinq ice mar0in that is
ha th straiqht and steep . In a third mooel they show a subqlacial
s tream en t ering a lake at a reentrant f.ormed by two straight and
s teep ice fronts.
Ther e is an important distinction between Unit 3, distal
subaqueous outwash, in the nag River valley and fine-grained
subaqueous outwash in the Ottawa area. In the nag River valley,
Unit 3 commonly is hiqhly collapsed, whereas Units 1 and 2,
esker q ravel and proximal subaqueous outwash, show only minor
faults.
This suggests that Unit 1 was deposited on ice, whereas
Uni ts 1 and 2 were not.
I be 1 ieve that these observ at i ans requir e both a deep reentrant in, and a low surface gradient of,
the subaqueous ice margin durinq retreat (Fig. 9). A crude and
subaerial analog for a deep reentrant in the ice margin occurs
tad ay along the st agn ant outer margin of the Mal asp in a G1 ac ier
where subglacial streams emerge as fountains that feed narrow
ice-bounded outwash plains.
If the edge of the Malaspina Glacier were to be submerged, and basal ice contained enouqh debris
so that it would not float, then a subglacial stream would
emerge at the head of a deep subaqueous reentrant in the ice
margin. Coarse-grained material in traction (Unit 2) would be
confined to the reentrant and fine-qrained material in suspension (Unit 3) would be carried down-lake and spill out of the
reentrant onto staqnant ice.
Continuous meltin9 of the stagnant
ice on the sides of the reentrant during deposition of the finegr ained material would account for the progressive upward chanqe
from hiqhly deformed to undeformed lake-bottom deposits found in
the Dog River valley.

Figure 9.
Proqlacial environment of deposition for Unit 3, distal subaqueous outwash.
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· ROAD LOG
START AT PARKING LOT AT MONTPELIER HIGH SCHOOL JUST NORTH OF
U.S. ROUTE 2, AND 0.75 OF A MILE NORTHEAST OF EXIT 8 OF INTERSTATE I-89.
Mileage
0.0
Leave Montpelier High School, mileage starts at stop sign,
turn right
0.02

At traffic light turn left (east) on U.S. Route 2

0.45

At traffic light turn right (south) on Route 12

2.25

Steel girder bridge over Dog River

2.90

Park on left at junction of Route 12 with Browns Mill
Road. Walk southwest 125 feet, cross Route 12 and walk
northwest up small dirt road, turn left (southwest) and
walk about 750 feet along railroad to first outcrops.

STOP 1. ABANDONED WATERFALL
Three half potholes with depressions at their bases plus
a fourth water-abraded surface, 0.6 meter in diameter, probably
were formed by headward erosion by the Dog River. The largest
pothole lies south of the railroad and faces north. The abr:aded
surface is more than 2.0 meters high and measures 2.1 by 1.3
meters at the lip of a filled depression. The other features lie
north of the railroad and face south. Twelve meters due north
of the largest pothole is a depression 1.0 meter in diameter
with an abraded surface that rises 4.4 meters up and to the
right. Six meters to the east of the latter is a small depression with an abraded surface 3.4 by 1.3 meters in size. Because
the half potholes are located at the east end of the railroad
cut and because there are no potholes or abraded surf aces associated with the higher man-made cut to the west, one can presume
that a waterfall migrated from northeast to southwest along the
trend of the present railroad track.
Further, the presence of
loose, clean pebble gravel in the LO-meter pothole sugges_ts
that the pothole cutting took place in postglacial time after
Lake Mansfield had drained.
It appears that following the
draining of Lake Mansfield the Dog River cut down through glaciolacustrine fine sand and was superimposed across the bedrock
ridge for a short period of time before shifting position to its
present course.
Proceed south on Route 12
4.75

Outcrop on the right of quartzite; phyllite and greenstone
in the Ordovician Moretown Formation

5.85

Leave Route 12 and proceed straight on dirt road where
Route 12 turns sharply to the left.
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6.0 0

T urn le ft i nt o pi t

ar e a

STO P 2. BILL LYONS PIT.
The mi n i mum d ep th o f Lak e Ro x bu r y above the terrace level
was a b out 1 17 meters (384 ft). The plan is to start a t a sma ll
fac e on t he west ( A) , move t o the north pit ( 8), an d th e n t o the
mi d dle p it ( C ), and fi nally to t he large sou th face ( D) .
(A ) WEST FACE: A small curved face 8 me t ers wi d e and 3 .0
meters hig h has, at the base, 2.7 meters o f bedde d fine to very
fi ne sand wit h r ipp le c r ossbedding d i pping to the south overlai n
by 0.3 me te r o f pe bb le g ravel.
Crude imbric ation i ndicates
tra nspor t to t h e nor th durin g time of. deposi tion .
This is a famili a r s cene rep e ated many times t hroug hout the Dog River valle y , t ha t is , lake - bot t om sedime nt s fo rme d b y density currents
moving s ou t h in g lacial Lake Ro xb u ry c a p pe d by stream-terrace
g ravels formed b y a north - flow in g str eam .
( B) NORTH PIT: The expos u r e is 2 t o 3 meter s high in a
F i ne to medium sand and pebbly
c urved fa c e over 20 meters long.
s an d occurs in west-d i pping fore se t s .
Within the foreset beds
ripp le cross b edding and tr ou g h c r ossbeds dip south. To the west
th e f oreset b ed s dip to t he s outhwest into the face.
Above pebbly coarse sand in t he f ores e ts is fine to very fine sand which,
in turn, is overlain by pebb l y c o arse sand in dune beds dipping
s outh.

(C) MIDDLE PIT: Th e cur ved e xp osure faces north-northeast
and i s 9.3 meter s high an d more than 30 meters long.
The face
i s th e mi rr or imag e of Figure 12 i n Rust and Romanelli (1975),
and d is p lays half of a coll a p se d s yn c line with laminated very
f ine sand and silt.
Ad j ac en t on t he west is an 8-meter wide
z one with nearly ve r t ic a l normal and reverse faults.
The faults
a re 0.1 to 3.5 c e nti meter s wide and consist of fine sand packed
with s ilt.
We st of t h e fau l t zone is uncollapsed fine to coarse
sand wi t )1 sou th-d i pp in g crossbeds O. 5 meter thick.
On the west
i n 1986, was a chan nel filled with structureless medium to
c oars e s and contai n ing clasts of very fine sand and silt up to
2 0 centimete rs lon g. The aspect of the channel, which was formed
as a g ra in f l ow , was similar to that in Figure 6 in Rust and Roman e lli (1975).
Exposed at the top are remnants of stream chann e l s fi lled wit h pebble gravel.

( D) SOUTH FACE: The exposure is in the shape of a U that
op e n s to the northeast .
At the southwest corner the face is 16
me t e r s hig h wi th 10 meters of section exposed. The four main
un its , from b ottom to top, are: (1) 2.8 meters of poorly sorted
p ebble gravel with cobbles and boulders, crossbeds up to 2.0
meters thick dip to the southwest; (2) 1.0 meter of pebbly very
coarse sand and pebble gravel in trough crossbeds that dip to
th e west and southwest; (3) 5.0 meters of fine sand with rippledr ift cross-lamination alternating with beds of very fine sand
and silt, a west-dipping curved surface truncates the bedding
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above which similar fine- g ra i ned sediments are conformable ~ The
surface is a slump scar or fault because small slump blocks of
the lower sediment have been dropped down alon g the surface; (4)
1.2 meters of clean pebble gravel interpreted to be stre~n-ter
race deposits.
Unit 1 is interpreted to have been formed by a
high energy stream flowing south in a subglacial tunnel.
Units
2 and 3 constitute proglacial subaqueous outwash formed by density currents flowing south in glacial Lake Roxbury.
Unit 4 was
formed by the Dog River flowing north on a fluvial surf ace graded to the Hollow Brook threshold of Lake Mansfield.
Proceed out of pit, turn right (north) on Chandler Road
6. 6

Turn right (east) on Route 12

6.85

Steel girder bridge over Dog River at Riverton

8. 00

Ellie's Farm Market on left

8.10

CAUTION, turn left across traffic on Darling Road, proceed
east O. 5 to O. 6 mile on narrow dirt road

8 . 6 or 8.8 Cars must turn around individually at one of two
spots.
Please do not block Darling Road entirely
STOP 3.

DARLING ROAD SAPROLITE LOCALITY

This may be the first bona fide saprolite found in central
Vermont outside of areas of the calcareous Waits River Formation.
The exposure, 75 meters long and up to 3 meters high, was
exposed during road improvements in 1983. The thickness of the
saprolite is not known at this time.
The material is a structured saprolite that can Basily be dug with a shovel.
Foliation
i n the saprolite is vertical and strikes N25°E.
Fresh bedrock
nearby to the north is a greenish-gray schist with crystals of
albite and blue quartz in a matrix of quartz, chorite, and muscovite.
It has a strike of N20°E and a dip of 84esE. The locality is anomalous in that it is on the east side of the Dog
River -valley and was exposed directly to glacial ice flowing
from the north-northwest.
Saprolite in glaciated terrain in
Precambrian gneiss near Quebec City has been attributed to deep
weathering along a fault (LaSalle and others, 1983). The Darling Road saprolite probably is associated with a fault (David
S. Westerman, 1983, pers. commun. ).
Return to Route 12
9.4

Turn left on Route 12, proceed

sou~h

10.6

Northfield Falls

11. 4

During construction of Grand Union on left a section was
exposed with stream-terrace gravels over collapsed and
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tru nc at e d ice- c ont a ct dep osi t s with s outh- dipp i ng cr ossbed s
Cros s Dog River , enter Vi llage of Nort h f i e ld
12 .4

Cross Dog River near cente r of Nort hf i eld

13.4

Tur n rig h t

off Route 12 at s mall p ark , p os s i ble rest stop

Proc eed south on Route 1 2
13.7

T urn ri g ht on Route 12A t ow a rd Ro xbury, p r oceed south a nd
we s t up the valley of t he Dog Ri ver

15.1

P ass under Ha rlow Railr oad Bridg e

16.0

Cr oss Dog River a t Nor thf ie ld Country Club

16. 4

Segment of Northfield esker on left

1 7. 2

Pit on l eft i n Nor t hfi eld e sker (Stop 7 )

1 7. 8

Cros s Dog Rive r an d p ass under railroad

18.4

Pit on le ft in Roxbury delta (Stop 6 )

1 8.6

Fronta l slope o f Roxbury delta on le ft

19.9

Th res h ol d o f La ke Ro xbury in vi llag e of Roxbury (Stop 5 )

20.2

In t he out l e t stream channel f r om gl ac i al Lake Roxbury

21.1

Tu r n left, enter Verm ont State pit , circle the wagons

STOP 4. MO RPH OSEQUENCE AT VERMONT STAT E PI T
This is a depl e ted pit th a t h ad at one time 2 meters of
very p oorl y sorted pe bbl e-cobble g ravel with imbrication showing
tr ansport to th e we s t overl ying 3 meters of coarse sand with
t roug h c r os s be d s c l imbi ng to t h e south.
In the bedrock ridge
j ust southwe s t of t he pit is a small V-shaped notch that acted
as the thr e shold for a sm al l gl aciofluvial morphosequence that
was form e d wh e n th e i ce marg in retreated north of the notch.
The initial depos it s , t he coarse sand with trough crossbeds,
wer e dep os i te d i n a stream that flowed through the notch. When
th e ice marg i n move d to the n orthwest and away from the rock
ridg e i n wh i c h t he notch is located, a lower threshold was est abli s hed a nd th e pebble-cobble gravel was graded to this lower
outle t.
At th at time , the ice margin was located along the
p re se nt s i te of Route 12A. With continued northward retreat of
t h e ice margin , melt wate r at this site was able to flow directly
i nt o wha t is now t he Third Branch of the White River.
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Bedrock i n the pit is quartz - albite - sericite sch i s t . with a
pinstripe texture that has been dismembered by tectonism . It be1 ongs to the Ordovician Moretown Formation and has been neatly
polished by meltwater scour.
Proceed north on Route 12A, at first low spot in road look
northwest across Third Branch of the White River to abandoned serpentine quarry
22 . 3

Turn left into driveway of former railroad depot, now Roxbury Town Off ices

STOP 5.

THRESHOLD OF GLACIAL LAKE ROXBURY

The drainage divide between the north-flowing Dog River
and the south-flowing Third Branch of the White River is located
just east of Route 12A opposite the Town Off ice.
When the margin of the Laurentide ice sheet retreated north of this divide
and blocked the Dog River, glacial Lake Roxbury was formed.
The
elevation of the lake at the threshold was about 307.9 meters
(1,010 ft).
Proceed north on Route 12A on the floor of Lake Roxbury
23.6

Cross the Dog River and ascend the frontal slope of the
Roxbury delta

23.9

Park on right at entrance to pit owned by John Gross

STOP 6.

ROXBURY DELTA

Foreset beds, dune crossbeds, ripple-drift cross-lamination, and imbricate structure all indicate southward transport
of sediment during construction of the delta.
Collapsed bedding, kettles, and an esker, which extends 1.9 kilometers down
the Dog River valley give evidence for an ice-contact origin for
the delta, which was built by meltwater streams flowing into
glacial Lake Roxbury. The topset/f oreset contact oas not been
accurately surveyed but it obviously was controlled by the elevation of the drainage divide at Stop 5.
Proce-ed north and east on Route 12A
25.1

Park on right at entrance to pit owned by Edward Allard

STOP 7.

NORTHFIELD ESKER

Large-scale crossbeds in pebble-cobble gravel at the base
dip to the northwest and suggest f ormati'on in a subglacial
stream that flowed in a tunnel to the ·west up the valley and to
the Roxbury delta. The section is a fining-upward sequence, similar to that at Stop 2, with pebbly coarse sand with dune
crossbedding in the middle and with collapsed fine sand with
minor ripple-drift cross-lamination at the top.
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Pr oceed east on Route l2A
25.2

Terrac e s on t he left a r e c ut into a nelta that falls on
t h e p rojected shoreline of Lake Winooski (Fig. 4)

2 5.9

P it on the right and south of the Dog River formerly disp layed west-dipping dune crossbeds in coarse sand overlain
by stream-terrace gravels with imbrication indicating flow
to the east

2 6.3

Cross Dog River at Northfield Count ry Club

26.8

CAUTION, turn left across traffic into OuB9is pit

STOP 8 (optional).

DUBOIS PIT IN NORTHFIELD ESKER

Excellent stratigraphic sections have been available for
s tud y for the past year because of recent excavations. The section consists of the 3 major units described in Figure 8.
At
the b ottom, Unit l is 16 meters thick and has interbedded pebb le-cobble gr avel and pebbly very coarse sand in large-scale
c rossbeds that dip to the west and southwest.
Unit 2 has 2.0
meters of coarse sand in crossbeds and massive grain flows that
formed as proximal subaqueous outwash.
On the top, Unit 3 consists of 7.5 meters of very fine sand and silt that is faulted
and collaps ed.
Bedding near the top of the section dips 40 deg rees to the northwest.
Unit 3 displays a much higher degree of
deformation than that observed in Units 1 and 2.
Turn left on Route 12A, proceed north
29.1

Turn left (north) on Route 12

29.25 A small Lake Winooski nelta is located 0.3 of a kilometer
east-sou theast of the junction of Route 12 and Stage Coach
Road
30.1

A local landmark, the Pinnacle, is a Lake Winooski delta
and is located 0.3 of a kilometer east of Route 12 at the
North field Savings Bank

30. 2

Cr oss

DO]

River

30.25 Turn left (west) on Water Street just beyond PC Market
30.5

Turn right on Union Street (becomes Union Brook Road),
proceed west-northwest up valley of Union Brook

31. 7

Turn left (southwest) on dead end road (Fel Fernandez)

31.8

Dam on right

31.9

Sheldon pit on right is Stop 9. Easiest procedure is to
drive to end of road and turn around there
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32.15 Turn around at Fernandez residence
32.4

Park on right

STOP 9.

SHELDON PIT

Pit is in topset beds of a meteoric delta graded to Lake
Winooski (Fig. 4).
Walk about 120 meters due west on delta surface to exposure located down over bank.
Deformed clay-silt
varves are believed to be overlain by till, and to represent deposits in a pro;:ilacial lake that was overridden by the last ice
sheet.
32.6

Turn right (east) on Union Brook Road

33.8

Turn left (north) on Water Street

34.05 Route 12, end of trip.
Montpelier is 9 miles north on
Route 12. The shortest route to I-89 is to proceed 2. 0
miles south on Route 12, turn left on Route 64 and proceed
east to Exit 5 of I-89
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CRETACEOUS INTRUSIONS AND RIFT FEATURES
IN THE CHAMPLAIN VALLEY OF VERMONT
J. Gregory fvlc!Ione
Department of Geological Sciences
University of Kentucky
Lexington, KY 40506-0059

If\JTRODUCTTON
On this field trip we will examine sites near Bur l i ngton, Ver mont whe r e
alkalic dikes and fractures are exposed that could be re l ate d to Cretaceous
rifting. The setting of these and ma ny similar features is t he s tructural (as
opposed to sedimentary) basin of the Lake Champla in Va ll ey, which invites
comparison with younge r and better-studied conti nental rif t s , such as the Rio
Grande Rift of eastern New Mexico or the Gregory Rift of easte rn Africa. The
validity of such an inter preta tion depends upon careful study of the tectonic
history of the Valley, especially the ti ming of faulting and i ts relation to
magmatism.
The La~e Champlain Valley between Ver mont and New York js from 20 to 50
km wide and 140 km long between t h e no rth e rn Tac onic Mountains and the
Canadian harder. Topographically, the Taco ni c kli ppe inte rrupts the southern
Champlain Valley, but structurally the sa me valley t e rra ne widens to connect
with the northern Hudson Valley southeast of the Adi r ondack Mountains. The
surface of the lake is only 29 m ahove sea leve l whi l e the dee pest part of the
l~ke, near the we stern side, approaches 120 m helow sea l e vel .
r1any peaks of
the Adiron~acks to the west and the Green Mountains to the east rise ahove
1000 m, providing considerable relief to the Valley mar g ins. The hest
exposures exist a long the lake shores, some river and str ea m ba nks , hi ghway
cuts, and quarries. The glacial soils on many hillsides a r e thin enou gh to
reveal bedrock rubble (including dike float ) , but muc h of th e a rea is also
covered hy thick, glacial lake and marine sediments tha t make good farmland
but effectively hide the bedrock and structures.
The six stops of this field log incl u d e outcrops of the three major
igneous rock types - mo nchiqui t e and cam p to nite ( varieties of volatile-rich
alkali basalt), a n d bos to ni t e (hyp a by s sal t rachyte) - a bimodal association
characteristic of many regio ns of intra-pla t e or rift volcanism. The timing of
the faulting that produced t he Cha mpl a in Valle y ma y be constra ined by physical
or geographic associat i on s with t he Ea rl y Cretaceous (115-135 Ma) magmas.
Although no inte r sections of majo r-displacem e nt f a ults with dikes are clearly
exposed in the Champlain Valley, the r e a re goo d outcrops at these six stops
that show minor faults and frac t ures beli e ved (or hoped) to be related to the
major tectonic events.
Dikes a nd ot he r i ntrusive rocks
Figure 1 (m odifi ed fro m McBone and Corneille, 1980) shows locations for
many of the igneous intrus i ons of the central Lake Champlain Valley. As shown
by other regio na l ma ps ( Mc Ho ne, lg8 4), dikes becom e scarcer southward from
Vergennes, but are f a ir ly abundant acros s the ~aconics and Green Mountains to
the west a nd sou t hea st of Rut land, Ve rmont. The northern Champlain Valley is
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Figure 1. Locations and orientations of alkalic dikes in the central Lake
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1980). F =fault-related dike (Table 1).
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curiousl y dev oid of dikes fro m Nort h Her o we l l up i nto Qu e be c, but simil a r
dikes a r e a gain abu nda n t i n the Montereg i a n Hills province ESE of Mo n tr e al.
Lamprop h yre dikes occ u r wit h lesser f r eq ue ncy wes tward as f a r as the eastcentra l Adirondack Mo u ntai ns, and are sca t tered but c ontinuou s l y prese nt
eastward ac ro s s Vermo nt, New Hampshire, and t he sout he rn ha l f of Ma ine.
Speci a l st ud ies of Cha mpl ai n Va ll ey ig ne ous rocks st a rt wit h early
publi c a tions by Thompso n (1 860) a nd Hit chcock (1860 ) , follow e d by
petrog r a phical and t he or e tical wor k b y Ke mp and Marst e rs (1893), Sh im er
(1903), Alling (1928), Hud so n a nd Cushing (1 931), Laurent and Pierson (1 973),
an d McHone and Cor nei ll e (1980). Ot her ge olo g ists who me n tio n o r des c ri be
di ke s as part of reg iona l ma pping s tudies are listed i n t he references secti on
of th is pape r. The Cha mp l a in Va lley intrusions are no w wel l l o ca t e d and
s tudied petrog r ap hica ll y, and a small numbe r have been c he mi call y a na lyzed by
Kemp and Marsters (1 893), Laurent and Pierson (1973), a nd McHon e a nd Cornei lle
( 198 0). Acco rdin g to Ratte' and o thers (1983), several unpu b l i shed th e sis
s tudies of t he dik es are known, a lthough t hey vary i n a vaila bi l ity and
th erefore usef ulnes s.
As indica t ed on Fi gure 1, the dike s a ppa rently separa t e i nt o tw o s warms
a cross the lake into New York. At least 8 0 dik e s of monchiquite, a few
camptonite di ke s, s nd no trachyte t ype s are found in the nor t he rn swarm across
Milton, Mall e t ts Bay , southern Gra nde Isle, a nd t he Pla t tsburgh area (Shimer,
1903; Fisher , 1968 ; McHone and Co rneille, 1980). The monchiquite dikes lack
signifi cant f e ldpar, and are commonly rich i n Ti-a ugite, calcite, kaersutite,
and/or olivine or phlogopite, with analci me i n t he matrix.
Some of the dikes
approac h a lnoite or carbonatite in composi t ion. Although we will no t visit the
nor t he rn swa rm be cause of time constraints, monchiq uite dikes i n this area are
exposed a long Route 2 west of I - 89 (Table 1) and in several roadcuts along I89 ea s t o f Malletts Bay. Di me n t (1968) has out li ned a strong geophysical
a nomal y east of Plattsburgh that probably is caused by an une xposed gabbroic
pluton, simi lar t o s ome plutons of the Mo nteregia n Hi ll s in adja~ent Quebec.
Mon c h i quite, camptonite, and all of the trach yti c dikes occur in the
souther n s warm (over 150 dike s) ac r os s f rom Burl i ngton and Charlotte, Vermont
to Will s bo r o and Esse x, New York (Fi g. 1). The tra chytic dikes are commonly
ca lled bostonite (fi ne - graine d, alkali -f el dsp a rs in clusters), despite the
wi de variations of beig e, brown , a nd r ed colors wi th anorthoclase, albite, and
qua rtz phenocrys t s i n an a ltere d f el sic matrix. Some show corroded oxybiotite
gr ai ns. Campto n ite has mo re plagio c l ase (restricted to groundmass) than
a na l ci me, mu ch a ugite and r a re ly olivi ne , and var iable amounts of kaersutite
( a Ti-rich vari et y of br ow n horn ble nd e ) . Amy g dules and ocelli (formed as
i mmi s cible fel s i c-m ag ma blebs) a r e common in camptonite. Phenocrysts of
augi te and kersu t i te are visible.
Fo r mo st of t he Champlain Val l e y, east-w ~st to N80W dike trends are the
rule (Fig. 1) . Northeasterly trends are more common in New York and also to
the east in Vermont. The trachytes show much more variation, especially near
the Bar ber Hi ll stock in Charlotte, where Gillespie (1970) observed a radial
pattern. A mas s ive trach yte sill, covering a square mile or more, is exposed
at Cannon point and inland south of Essex, New York (Buddington and Whitcomb,
1941). Tr achyte dikes, sills, and intrusive breccias are abundant in southern
Shelbu r ne Point and probably ind i cate another syenitic pluton at shallow
depth.
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Intrusion ages
The few radiometric dates for Champlain Valley igneous rocks co mpare well
with Early Cretaceous dates of the Monteregian Hills of adjacent Quebec, and
for other intrusions of the New England-Quebec igneous province of McHone and
Butler ( 1984 ).
McHone (1 98 4) summarized radiometric ages of northern New
England dikes, including two for local lamprophyre dikes.
Zartman and others
(1967) found a Rb-Sr age of 136 +/-7 Ma, using phlogopite from a dike of
lamprophyre (ouachi ti te or monchiqui te) on the western shore of Grande Isle.
Hsing kaersutite separated from a monchiquite dike located about 35 km to the
east (in the Green Mountains), Mc4one (1978) obtained a K-Ar age of 13Q +/- 6
Ma.
To the south, in the northern Taconics west of R·utland, Vermont,
camptonite dikes have dates of 105 +/- 4 Ma and 110 +/- 4 Ma (McHone, 1984).
In the eastern Adirondacks, Isachsen (1985) verbally reported K-Ar dates of
113, 123, and 127 Ma on camptonite dikes, ancl 137 and 146 Ma on dikes that
apparently are monchiquite.
Armstrong and Stump (1971) reported a K-Ar date of 111 +/- 2 Ma for the
syenitic Barber Hill stock at Charlotte, using a mis-acknowledged sample
provided by Gillespie (1970) of "slightly altered" bioti te.
The Barber Hill
stock is ' considered to be cogenetic with the bostonite (trachyte) dikes of the
area.
Seven hostonite dike samples fall along a whole-rock Rb-Sr isochron of
125 +/- 5 Ma (McHone and Corneille, 1980). Partial Rb-Sr data collected hy
Fisher (1968) for the Cannon Point trachyte sill, across the lake at Essex,
New York, indicated an age of "less than 140" Ma, but aJ.so fits onto the 125
Ma isochron. Isachsen (1983, pers. comm.) has found a T<-Ar age of 120 Ma for
a trachyte dike in Willsboro, New York. The 111 Ma date for Barber Hill could
be reinterpreted as a cooling date, about 10 Ma later than intrusion. ·
Two monchiquite dikes are crosscut by a bostonite dike and a bostonite
sill along the shoreline SW of Shelburne Point (Kemp, 1893; Welby, 1961).
Welby (1961, p. 188) reported that a camptonite dike crosscuts the Barber Hill
syenite "near the crest of the hill at its northwest corner".
In combination
with the radiometric data, these crosscutting relationships are consistent
with ages generally about 135 Ma for monchiquite,
125 Ma for
trachyte/bostonite/syenite, and 115 Ma for camptonite, plus or minus 5 to 10
Ma for each type.
These ages use old radiometric constants, and dates
recalculated to new constants are 3 to 5 Ma older but do not change the age
relationships.

Faults and faulting
Published maps of the Champlain Valley by Hudson (1931), Quinn (1933),
Welby (1961), Doll and others (1961), Fisher (1968), and Isachsen and Fisher
(1971) all seem to show different high-angle faults.
Figure 2 is a somewhat
generalized summary map, omitting some of the more imaginative faults
suggested by 4udson (1931 ).
Quinn's 1931 dissertation work included
calculations of the percentage and directions of.crustal extension caused by
normal faulting in the region, and are reproduced in Figure 2. The northsouth St. George fault system along the eastern side of the Valley is
described by Stanley (1980), partly based upon his highly-valued student
mapping projects.
Stanley and Sarkesian (1972) and Stanley (1974) have made
careful analyses of joint and fault strains, quartz lamellae orientations, and
other structures to interpret stress patterns for these features.
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Most of the hi gh-an gle faults can be grouped as " l on gi tudina l f a ult s"
(rou ghly N-S) or "cross faults" with both E-W and NE-SW trends. Geol o g ist s
who originally mapped these structures related the fa u lts to Pa l eoz o ic
tectonic events, perhaps associated with westward movements of the Champ l ain
a nd Fine s burgh thrust faults (Taconic/ Acadian).
Welby (1961) makes i t cl ea r
that ma ny cross faults have offset the Champlain thrust, and tha t cross fa ults
also offset longitudinal faults (e.g. Stanley, 198 0). The f ault patte rn i n
New York (Fig. 2) appears to show that several of the maj o r l on gi tudin a l
Ad i rondack border faults (Isachsen and Fisher, 1971) crosscut NE-trendin g
Adirondack faults. Several lon gitudinal and cross faults o f th e e aster n
Adirondack border are well exposed, such as at Port Henry (McHone, 1987) ;
The high-an gle faults are usually described as having dip-slip or normal
offsets, but Stanley and Sarkesian (1972) and Stanley (1974) cite evidence for
strike-slip or wrench movements of cross faults in the Shelburne Bay area. The
faults have brittle features, and apparently moved at shallow (less than 2 km)
depth (Stanley, 1974). Because vertical offsets of at least 850 m are
preserved along some of the faults, roughly 2 to 3 km of post-faulting erosion·
of overlying rock is indicated. If the stratigraphy of the Champlain Valley
was once complete with Silurian and Devonian or youn ger units, much uplift and
erosion must have preceded faulting.
Isachsen (1975) and Isachsen and others (1983) argue that the Adirondack
dome could be young, perhaps with Holocene uplift.
The relief of the
Adirondacks relative to the Champlain Valley is clearly based on movements
along faults that are part of the r,hamplain Valley system, and so Burke (1977)
proposed that the Champlain and adjacent Lake George valleys are grabens
developed by Neogene continental rifting. Crough (1981) proposed uplift
during Cretaceous-early Tertiary time for the Adirondacks and New En gland,
based on fission tracks, stratigraphic arguments, and the presence o f the
Cretaceous intrusions, and he promoted a "hotspot track" model for the events.
The absence of Triassic and Jurassic sediments in the Champlain Valley could
indicate a higher elevation for the area during the Early Meso z oic, when
Atlantic rifting produced large, deep sedimentary basins in southeastern New
England and off shore (Mcifone, 1982).
Finally, the present Champlain
topography must predate the Miocene Brandon lignite and kaolin deposits ,
preserved along the eastern margin of the Valley by the Green Mountain front.
With the ages of the Champlain intrusions fairly well known, crosscutting
relationships with the faults are critical to the tectoni~ model.
Unfortunately, no intersections of dikes with major faults are clearl y
exposed, although a few are close! Locations where dikes intersect Champlain
faults are listed in Table 1, and both pre- and post-dike fault movements are
indicated. A major problem is estimating true offset, because at several of
the exposures only m~nor apparent lateral offset may result from a great deal
of mainly dip-slip motion. Future work with a portable magnetometer could
help to show the nature of fault intersections with mafic dikes under shallow
cover. Faulting and dike intrusion may be part of the same rifting event, as
originally envisioned by Kumarapeli and Saull (1906) for a larger region that
includes the Champlain Valley.
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TABLE 1. FAULTED (?) AND FAULT-CUTTING DIKES OF THE LAKE CHAMPLAIN VALLEY
Dike Data

Location

Description a nd Reference (number)

Monchiqu ite
N65W 15" wide

Crosses northern
Juniper Island

Dike shows 15" offset on NE side of
island (1)

Lamprophyre
10" wide

End of Clay Point ,
Colchester

Right-latera l offset of 3' a long a N-S
fault. Shale is also rotated (1,4)

Lamp r ophy re
3' wide

Ilubbell's Fa ll s ,
Wi nooski River , Essex

2 l e ft-lateral offsets reported (1),
but no offsets seen by Perkins (4)

Camptonite
NR3W, 78N
148 cm wi<le

E. side Rte. 7, 0 . 5
miles N. of Charlotte
intersection

Fault a bout N30E , 69SE , subparallel to
shale c l eavage. Apparent offset is 106
cm left-lateral (not true offset) (2)

Trachyte
N55E, 81SE
6-11 cm

E. side Rte. 7, 0 . 8
miles N. of Shelburne.
25 m N. of major fault

Silicifi e d, fills fault plane (offset
unknown) in Winooski dolostone. Green
color may relate to Mg reaction (?)

Camptonite
N24H ,79 SH
0- 79 cm wi de

Winooski River below
Woo len Mill, Winooski

2 right- and 1 left-lateral offsets
of 19 to 64 cm, along NSW to N28E
joints and syn-intrusional? fault (3)

Camptoni te
(no data)

North end Monkton Rid ge
c. 2 miles SW Hinesburgh

Cuts minor N-S normal fault associated
with major N-S St. George fault (3)

Trachyte
E- h1 (?)

Near bridge over Lewis
Creek, North Ferrisburg

Possi bly offset by NBOW North
Ferris burg fault (5)

Ho nchiquite
E- W, 2 ' wide

Shoreline at Orchard
Point , Shelburne

One of 2 dikes cut by trachyte, offset
1-2', no other data (1)

Trachyte
c. N85E,75NW
c.22 ' wide

Crosses Re ber Road 1.2
miles SW of Rte. 22 in
Willsboro

Si licified "keratophyre" (6). Aligns
(no offset) on both sides of Adirondack
border fault (disputed-by Isachsen)

Trachyte sill
(no da ta)

1 mile SW of Essex
Village, SE from road

Ab ruptly terminates at NSOE normal
fault, but not well exposed (6)

Monchi qui te
N84W 34" wide

Just north of Beauty
Bay , Valcour Island

Wal ls of dike are offset I'll",
down to north (7)

Monchiquit e
(2 dikes)

SE corner of Valcour
Island

SW dip due to drag rotation along the
adjacent Valcour Cove fault (7)

Monchiquite
N83W, 75NE
78 cm wide

North side Rte. 2,
c.1.2 miles W. of I-89
exit for Grande Isle

70 cm offset, upper side to North along
sub-horizontal fault. Dike brecciated
at fault. True offset unknown.

'
------------------------------------------------------------------------------

References: (1) Thompson, 1861; (2) McHone, 1978; (3) Stanley, 1980; (4)
Perkins, 1908 ; (5) Welby, 1961; (6) Buddington and Whitcomb, 1941;
(7) Hudson and Cushing, 1931
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ITINERARY
The starting point is the parking lot behind Perkins Geology Hall on the
western sirle of the University of Vermont, off Colchester Avenue (Fig. 3).
Cars can usually be left here on weekend days or when the University is not in
session. Otherwise, get a visitors permit. Refer to Figure 3 for map
locations of stops 1 - 6. Traffic is commonly heavy and fast along Route 7,
so please take your time and drive carefully (you can always catch up later).
At stop 4, parking and access through private property is by special
permission. Food can be purchased at our lunch stop.
The stops are within the Burlington and Mt. Philo 7 1/2' USGS
quadrangles, and are along or within a few miles o-f U.S. Route 7. The Vermont
Atlas and Gazetteer (David DeLorme and Co.), available in local stores, has a
convenient scale and is recommended as well. The local geology is mapped by
Cady (1945), Tvelby (1961), and in summary by Doll and other:-s (1961). Other
areas of the Champlain Valley that contain dikes are mapped by White (1894),
Buddington and Whitcomb (1941), Stone and Dennis (1964), and Fisher (1968).
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Figure 3. Location map of field stops and dikes in the Burlington - Shelburne
area, Vermont (adapted from Welby's 1961 geologic map).
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Mileage
Total
by Point

Description

0.0

0.0

Starting from parking lot behind Perkins Hall (Department
of Geology) at UVM, turn right (east) onto Colches ter
Avenue. Street will curve to the north and descend a hill .

0.8

0.8

Bridge over Winooski River.
Main Street in Winooski.

0.9

0.1

Turn left (west) at light onto West Canal Street, just
past bridge.

1.1

0.2

Park along street near the Woolen Mill. Walk west through
the parking lot, around the fence and follow path SE down
to the river (about 300 m).

Colchester Avenue becomes

STOP 1. The Cambrian Winooski dolostone at this location shows welldeveloped fractures that intersect a camptonite dike, near the · end of the
Winooski River gorge called Salmon Hole. The cliff face follows joints
trending between NlSW and N2SW, about the same trend as the vertical dike
present at the cliff base. Three small-displacement, N-S faults are mapped in
the area (Stanley, 1980, fig. 7). A NSOE joint set crosses both the dike and
dolostone. N30E and NSW fractures are more common in the dolostone than in
the dike, and many of these joints appear only on the east wall above and up
to the dike, but not crossing it.
The dike is a dense and fine-grained augite camptonite, with many small
blue (chalcedony?) amygdules. The dike pinches out or is truncated under sand
near the river to the south, although a thin dike stringer is present into the
water. The main dike extends with some pinch and swell for over 7S m NNW to
its cover near some mill turbine ruins, and is 74 to 79 cm wide. A similar
dike appears on line with the trend at Schamska Park about 1/2 mile to the SSE
and may be connected.
At least three off sets are exposed. The southernmost shows right-lateral
off set of 64 cm where a N28E fracture is exposed in the dolostone wall. The
dike is 48 cm wide in the offset, and the rock is foliated or sheared parallel
to the fracture. The fracture does not appear to extend into the dolostone
west of the dike, and is interpreted as a syn-intrusional feature in which
slip occurred only on the eastern side shortly after or while the magma
conduit opened.
The middle off set is along a fault oriented N2W, SSW that Stanley (1980,
p.26) calls a normal fault of minor displacement, possibly related to the
longitudinal St. George fault system along the eastern Champlain Valley.
Stanley (1980, p.26) states that the fault predates the dike, but about 22 cm
of poorly-exposed left-lateral offset can be observed, with the fault
continuing in the dolostone south of the dike. In addition, th~ dike is
strongly and closely fractured at this off set:
A third small, right-lateral offset farther north appears to be another
syn-intrusional feature, with a small dike stringer extending through the
fracture opposite the main dike. The fracture is about N70E, 87SE and does
not extend past the dike to the west.
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Return on the same stree t s past t he Geology Depart me nt a nd
UVM (do not follow Rout e 7 a long the river road) .
2.3

1. 2

Colche ste r beco mes Pear l St ree t .

2.5

0. 2

Turn left (south) onto South Wil la rd Stree t (reconnec t
with Route 7).

3.8

1.3

Roundabo ut at foot of hil l past Dun kin Donuts.
sou th (Route 7).

4.0

0.2

Tur n left (eas t) onto Hoove r Stre et.
i n quarry (not o n g r a ss).

Cont i nue

Up s hor t hi l l, pa r k

STOP b_ Redstone Quarry. Thi s qua rr y is owned by UVM a nd has been used
fo r many in t roductory geology field trips. The re d Ca mb ria n Monkton quartzite
al so contains pale- yel l ow do l os tone beds at this qua rr y, a nd ma ny 19th century
Burlington houses have foun da t i ons or wa lls ma de of t he s e rocks.
Excellent
sof t-se diment features are exposed , including ripple marks a nd hailstone (?)
impressio ns. Please do no t cli mb the walls, and stay ou t o f the adjacent
private prope r ty and gar de ns .
Three campt o nit e d i k es ar e e xposed in t he nort her n pa r t of the quarry.
The southernmost is 110 c m wide , N85E, 85S, a nd s how s i ts ve rtical dimension
well alo ng th e wall of the qu a r r y. This dike ha s sm all nodules of granite,
metagabb r o an d g neis s ca rri ed up fro m Gre nvil li a n ba s ement some distance
(several thous and fe e t?) be l ow, plus several large r dolostone slabs. This is
the "Willard 's Ledg e" dike me nti oned by Thomps on (1 86 0, p. 580), which he
believed to be e xpo sed aga in "a few rods to t he ea st ". Kemp and Marsters
(1893) refe rre d t o this d i ke a s a n examp l e of " a u gi te c a mptonite", in which
Ti-augite phenocrys ts pred om inat e rather than t he br own hornblende that is an
essential part of the camptoni t e def inition. This variet y of camptonite has
since been shown to be comm on.
The nor thern dike in the quarr y is also augite cam ptonit e, N86W, 81N, and
66 cm wi de. The mi dd le dike is a narrow stringer of gl a ssy augi te camptonite
about 10 m to the south. It i s only about 10 m l on g , pinchin g out at both
ends wi t h a maxim um width of 12 cm. It cu r ves from NBOW (thicker part) to
N55 W ( thinner).
Joi nt patterns in t he quarry have no t been carefull y exa,mined for this
rep ort , but an E-W set can be s ee n , as well a s some curving joints like the
f racture filled by the stringe r di ke. We will note a few of the orientations,
but watch out for r a diat ing fra ctur es around blasting holes. The continuation
of the sout h ern dike ea s twa r d i nt o the quarr y wall is not clear, and needs
examination.
Re t ur n to Route 7 down Hoover Street.

4.5

0.5

Turn left (s outh) onto Route 7. Be careful! If traffic
is too hea vy, turn right and go around the roundabout.

5.4

0.9

Pass under I-1 89 exchange, continuing S.

8.9

4.4

Through l i ght a t J elly Mill Common.
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9.3

0.4

Turn left (southeast) at intersection curve past Uutch
Mill. Watch traffic!

9.4

0.1

Turn left, park in First Baptist Church lot. Walk a cro ss
road, through parking lot adjacent to hill, right along
Route 7 highway cut. Stay off the pavement (no need to
cross the highway).

STOP .l=_ S9 roadcut. This cut is dominated by one large and several
smaller cross faults, and was described by Stanley and Sarkesian (1972). The
, exposed surface of the foot wall on the major fault is oriented N70E,· 75 NW,
along which Winooski dolostone has dropped against Monkton quartzite. At
least eight smaller NE and N-S-trending faults are exposed as well, and
slickensides indicate mostly dip movement (near-vertical maximum compression).
Gouge is common, and with the slickensides indicate a brittle environment of
faulting. Stanley and Sarkesian (1972, p. 132) reported that quartz lamellae
at this site indicate NE-SW compression, interpreted as preceding the final
fault movement.
About 25 m north of the major fault, a narrow (4 to 12 cm wide) greencolored trachyte dike has intruded a small fault, oriented N54E, 85 SE in the
Winooski dolostone. Please do not sample any of this dike ... i t is unique! The
pale grass-green color has not been observed elsewhere, but is believed to ~e
caused by an unknown reaction of the magma with the dolostone. The dike is
silicified but preserves altered alkali feldpar phenocrysts. A strange
texture of frothy brown bubbles is observed in thin section, along with much
dolostone microbreccia incorporated by the dike. An x-ray diffraction_ pattern
of the rock identified alpha quartz, clay minerals, and smaller peaks of
unknown cause.
In times of light traffic, two N85E monchiquite dikes can be visited just
north of the driveway across the highway at the northwestern end of the
roadcut. The southernmost is very weathered to a light-brown color close to
that of some trachyte dikes. A large group should not try to cross this husy
road.
Return to Route 7.

9.6

0.2

Turn left (south) CAREFULLY onto Route 7.

10.4

0.8

Through stop light, Shelburne Village.

10.7

0.3

Turn left into parking lot at Harrington's, home of the
"world's best ham sanclwich", for lunch stop. A rest room
is available upon polite request. A gas station is nearby.
Also, Cafe' Shelburne for the elite eater. Please limit
lunchtime to 45 minutes or less.
Return north on Route 7 to

~illa~e.

11.0

0.3

Turn left (west) at stoplight in Shelburne Village.

11.l

0.1

Cross railroad track.

11. 7

0.6

Road curves right (north).
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12.6

0.0

Stop sign.
Point.

Conti nue stra i ght north towar<l She lhurn e

13.4

0.8

Turn right (east) into parking lot south o f lar ge brown
barn . Parking hy pe r miss ion only, do not block drive way
(boat repair shop) .
Wal k east across fiel<l towa rd souther n side of hill on the
la~e above Shelburn e Ray .
This is private property of Mr.
Thomas Cabot, a nd access permissio n is for this trip only.
Wa lk though the woods, dow n the hill toward the lake.
ftssuming normal low Fall lake l e vel s , we will walk along
the shore north wa rd a long the hill si de. If hi gh wate r,
stay well above the lake, a nd travel arou nd the eas tern
hillside throu gh the woo<ls, whe re thick float can be seen.

STOP 4 . Shelburne Point intrusive br e ccia. At l eas t fo ur trachyte
(bosto ni te)cl i kes a re found arou nd the easte rn side of this poi nt, three of
which contain abundant xenoliths of many Paleozoic and Proterozoic rocks that
underlie the re g ion. The intrusive breccias have received attention from
'-litchco ck (1860), Kemp and Marste rs (1 893 ), Perkins (1908), Pow e rs (191 5 ),
Ha1dey (1956), ancl Welby (1961). The most southe r ly breccia dike is about 4
fee t wide a nd is more than half xeno liths by volume, inclu<lin g many
r, r e nvil 1 ian ba sement rocks as wel 1 as shale, quartzite, limestone, and
porphyritic syenite cobbles. A great deal of similar mat e rial occurs as float
alo ng the hillside above and so uth wes t of this dike. At least one other
breccia dike farther north is very narrow (a foot or s o), an<l ha s been erodecl
into a "chasm squeeze" into wh ich you must fit siclewise for sampling.
~emp and ~!arsters (1R93) suggested that the ab und a nt xenpliths are
rle rived from hreccia along a n ol<ler fault that has been intruded hy hostonite
magma . ~any of the xenolit hs a r e remar kably r ound ed , almost like stream
cohhles . Similar breccia <likes, perhaps the same ones, also appear on the
southwest shore of ~helhurne Poi nt. Welby (1 9 61) has mapped a high-angle
fault thBt i:l isplaces the Champ lain thrust nearby to these breccias, lending
support to Zemp's i dea. The concentratio n of t rachytes and their syenite
xenoli t hs (au toliths?) in<licates the p resence of a syenitic pluton directly
beneath southern Shelburne Poi nt. Othe r xenoli th-rich dil<es across the region
are al so a ssociated with faults (HcHo ne and Williams, 1985 ).

Return the same route hack to cars, and turn left (south).
lL~.2

0.8

Intersec tion near Shelburne Farms.

14.9

() , 7

Turn left (north) into large parking area of Shelburne Day
Access. Walk out onto rocky peninsula.

Turn left (east).

STOP 2:_ Sh elburne 11a y Access.
Joints and small-displacment faults are
well exposed at this classic teaching site, described by Stanley (1974).
North-s outh and east-west faults show both dip and strike-slip offsets of less
than 30 cm. Som e B-W fractures a re extensional and are filled with quartz.
Careful analysis of the fractures by Stanley (1974) and his students has shown
t hat a n early set <leveloped with generally E-W principle compressive stress,
fol lowe<l by a second set with roughly N -~ compression. Low confining stress
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c onditions indicate shallow depths (less than 2 km) during deformation.
Although Stanley (1974) originally related the Shelhurne Access fracturin~ to
Acadian (Devonian) tee ton ism, R Mesozoic time of def or ma ti on is also
reasonable for at least some of these features. Stanley (1974) especially
pointed out the proximity to the majo r Shelburne Point cross fault near to the
previous stop (and almost visible from the access rocks).
Return back the same way (turn right from the parking lot)
15.6

0.7

Back at intersection near Shelburne Farms, turn left
(south). Continue back (SE) to Shelburne.

17.2

1.6

Turn right (south) onto Route 7 at stop light, Shelburne
Village.

18.0

0.8

Through blinking yellow light.

rn.2

0.2

Gecewicz Farms fruit stand on left.

20.9

2.7

Good view of Champlain Valley.

/.1. 7

o.s

Jones Hill on left, Darber Hill is low hill in valley
about one mile directly ahead.

7.2.2

O."i

Intersection with F-5 (Charlotte). Turn around by turning
left into gas stRtion, return north on Route 7 so that we
can park on the east side of the highway.

/.2. 7

0.5

Park off pavement along east side of Route 7.

STOP 6. Jones Hill rlike. This dike was exposed by highway construction
in the lat-;-l 960's. The Champlain thrust fault has capperl this hill and Pease
]fountain t o the south, as well as ~4 t. Philo and others of the "Red Sandrock
RRnge", with durable Monkton Quartzite. According to Welby (1961), younger
cross faults cut the Champlain thrust, contributing to erosion that has
isolated these hills from one another. As at the Pease Mountain roadcut
farther south on Route 7, the Jherville shale is highly contorted and folded.
The offset visib l e i n this camptonite <like partly follows shaley cleavage, but
it is clear that the dike crosscuts most of the deformation.
Although
generally cover e d by rubble, the southern end of the offset is a sharp break.
T-fowever, the dike along the offset is fine-grained like the chi 11 margin, so
it may an intrusional feature . As listed in Table 2, the petrography of this
dike ~hows it to he a normal camptonite, with modal variations that might be
at tri bu terl to cooling rates. Chemical ana 1 y ses of two of the five samples
shows that the dike magma was typical basanite, except for its high volatile
content.
Trachyte dikes are exposed in the Pease
the south, and they trend toward Barber Hill,
stock nearby to the west of PeRse Mountain.
attempt to visit other offset <likes listed
serious study.

Mountain hillside and roadcut to
the top of a ~mall (?) syenitic
Ambitious geologists might also
~n Table 1, some of which lack

End of trip. P.eturn north to I-189 for eRsy access to
I-89 and Montpelier.
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TABLE 2.
SAM PLE
Ti- aug i te
Al t. cpx
Kaers u U. t e
Plagioclcise
Calci t e;'<
Se lvage;'<;'< ':<
Apa tite
Mag . +Py r.
Ana lcime
Serpe ntine;'<

MODAL AND CHEMICAL ANALYSES ACROSS TIIE JONES HILL DIKE, CHARLOTTE
A

18.9
2.3
8. 7
7.5
2.6
51. 4
1. 2
7.4
tr.
tr .

B

c

D

E

23 . 0
tr .
27.1
25 . 0
2. 7
0.0
2.3
11. 4
8.5
tr .

21. 6
t r.
25.7
25 .1
3.9
0. 0
1. 9
5.0
14 . 7
2 .1

25 . 8
tr .
31. 2
22 . 2
1.1
0. 0
1. 2
7. 2

17.1
tr.
17.2
15 . 8
4. 2
36 . 7
0.8
8 .2
tr .
tr .

10.3
1. 0

*mostly replac in g ol i vi ng phenocrysts
** total iron as FeO
***mo stly de vi trif ied glass , i ncl. microlit es of
pl ag . , kae r s ., opaq ues, a na lcime , & apati t e
n.a . = not analyzed
Note: A - E are f i st- s ize s ampl es t aken across
the 148-cm dike fro m nort h t o s out h. Appr oxima t e
locatio ns: A = 0 cm (north co ntact) ; B = 17 cm;
C = 53 cm ; D = 96 cm; E = 148 cm (south cont ac t).
~odes a r e by 1000- point counts of sing l e se ctions.
Sou rce: unpu b . 1978 PhD dis s ertation by McTion e .

D

Si02
Ti02
Al. 203
Fe 203
FeO

MnO
MgO

CaO
Na 20
K20
P205
H20+

2.24
7 . 07
0.17
6 . 71
9 . 71
3 .68

2.30

M.5 7
2 .1 6
13 . 71
n. a.
9 . 3y:~ ~:.
0.18

8 . 39
10.44
2. 9L}

H20-

0 . 85
1. 81
3 . 49
0.63

2 .67
0. 55
0.90
3 .41
0.25

Tota l

99.47

99.52

C02

79.6
1130

ppm Rb
Sr
y

n. a .

J?;r

336

v
Cr

Ni
Ba

Sr 87/Sr 86
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Lf3 . 9
2 .3 1
14. 6

n.11.

n.a.
n.a.

25.2
230
189
4M
168

1150
n.a.
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THE CAMBRIAN PLATFORM IN NORTHWESTERN VERMONT
Charlotte J. Mehrtens
Ronald Parker
Robert Butler
Department of Geology
University of Vermont
Burlington, Vt. 05405

INTRODUCTION
Cambrian and Lower Ordovician elastic and carbonate sediments in the Vermont portion of the northern Appalachians were
deposited 'on a passively subsiding shelf following late
Precambrian rifting of the Iapetus Ocean (Rodgers, 1968). These
sediments must have accreted at a rate which kept pace with
subsidence as the shelf assumed the morphology of an accretionary
rimmed platform (Read, 1985) during the Lower Cambrian. Distri- ·
bution of facies indicates that the shallow water interior of
this platform was affected by tidal fluctuations, and it passed
laterally into open shelf regions and ultimately into deeper
water basins (Mazzullo and Friedman, 1975). This general
sequence of facies has been summarized for the Cambrian and Lower
Ordovician of the Appalachians by several authors (Rodgers, 1968;
Palmer, 1971). The facies associated with the pericontinental
portion of the sequence have been described by Myrow (1983),
Rahmanian (1981), Chisick and Friedman (1982), Braun and Friedman
(1967) and Speyer (1982). Outer shelf facies have been described
by Keith and Friedman (1977). It is important to note that none
of these works document the complete sequence from epicontinental
seas through to shelf edge to slope environments; most
concentrate on the description of a portion of the platform
sequence. In fact, looking at Cambro-Ordovician sequences
throughout the entire Appalachians, only Pfeil and Read (1980)
describe a platform to basin sequence, but it has been
dismembered by faults and cannot provide information on the
original geometric relations 'on the platform.
This field trip guide describes the facies and evolution of
a portion of the Cambro-Ordovician carbonate platform in northern
Vermont (Figure 1). The Dunham Dolomite represents the first
carbonate sediment deposited on the newly formed shelf, and we
see that the facies distribution and paleogeography of the Dunham
platform controls what develops in subsequent Cambrian units.
·
Study of the Dunham Dolomite can therefore tell us much about the
morphologic evolution of the entire Cambro-Ordovician platform.
The sediments underlying the Dunham Dolomite (Figure 2) have been
described by Myrow (1983) as tidally-influenced shallow shelf
elastics (Cheshire Quartzite) which overlie the elastic rift
basin fill sediments of the late Precambrian Pinnacle and
Fairfield Pond Formations (Tauvers, 1982). The Cheshire
Qua r t zit e wi 11 not be seen on th is f i e 1 d tr i p.
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Figure 1. Locality map for some of the important
outcrops of Cambrian units, and major structural
features in the region.
LMJ\- Lincoln Mountain Anticlinorium; MS- Middlebury
Synclinorium; SAS- St. Albans Synclinorium; TA- Taconic
l\llochthon; CT- Champlain Thrust; HT-Hinesburg Thrust;
HST- Highgate Springs Thrust.
S-Shelburn; WR-Winooski River; CP-Colchester Pond;
LR-Lamoille River; ti-Milton; G-Georgia; SA-St. Albans;
RR- Rock River; F-Franklin
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Overlying the Dunham Dolomite lies the lower Middle Cambrian
Monkton Quartzite (Figure 2), a mixed carbonate and siliciclastic
unit which records tidal flat to platform margin sedimenta~ion.
The Monkton Quartzite is overlain by the Middle Cambrian Winooski
Dolomite, and detailed lithofacies analysis has not been
completed on this unit, bu t the few remaining sedimentary and
biogenic structures suggest i t also records peritidal to platform
margin environments of deposition. The Upper Cambrian Danby
Quartzite gradationally and conformably overlies the Winooski
Dolomite and Butler (1986) has documented that the Danby records
tidal flat to platform margin sedimentation with significant
storm overprinting.
This field trip will look at each of these units and examine
some of t~e evidence for the environmental interpretations. The
field trip will examine the Dunham, Monkton and Winooski
Formations in the Milton area and the Monkton, Winooski and Danby
Formations in the Burlington/Winooski regions.
GEOLOGIC SETTING AND STRATIGRAPHY
The Cambrian to Lower Ordovician stratigraphic sequence in
western Vermont outcrops in a north-south trending belt (Figure
1), a region bordered on the east by the Green Mountain
Anticlinorium, a belt of Precambrian rocks thought to represent
the easternmost occurence of the North American craton in the
Lower Paleozoic (Rodgers, 1968). The north-south trending outcrop belt consists of several major fold belts (St. Albans
Synclinorium, Middlebury Synclinorium) and thrust sheets
_
(Champlain, Hinesburg, Pinnacle, Highgate Springs). The northwestern portion of the outcrop belt is ideally suited for
sedimentologic studies of the Cambrian to Lower Ordovician
stratigraphic sequence because it lies within the Quebec
Reentrant (Williams, 1978, Thomas, 1978), which kept deformation
and metamophism associated with the Taconic and Acadian Orogenies
to a minimum. The most complete exposures of the Lower Paleozoic
are contained within thrust sheets in this region.
Stratigraphy
within the thrust sheets is coherent, which enables us to
reconstruct original geometric relationships.
Cambrian and Lower Ordovician elastics and carbonates in the
northern Appalachians were deposited on a tectonically stable
shelf which developed following late Precambrian rifting of the
Iapetus Ocean. This shelf was undergoing thermal subsidence
throughout the interval when Cambra-Ordovician sediments were
being deposited.
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STRATIGRAPHIC TERMINOLOGY
TI1e Cambro-Ordovician stratigraphic sequence in northwestern
Vermont was divided into two sequences by Dorsey (1983): a
western shelf and an eastern basinal sequence (Figure 2). The
western shelf sequencie is composed of alternating siliciclastic
(Cheshire, Monkton, Danby Formations) and carbonate (Dunham
Winooski and Clarendon Springs Formations) units.
The
stratigra phy of the basinal sequence which corresponds to the
shelf sequence but deposited in deeper water, consists of shale
uni ts (Parker, Skeels Corners, Morses Line) with isolated breccia
units (Rugg Brook, Rockledge Formations). Unlike the western
shelf sequence, correlations are relatively well developed within
the basinal deposits. The stratigraphic nomenclature for these
units was developed by Shaw (1958), revised by Palmer (1970) and
Palmer and James (1980), and most recently revised by Mehrtens
and Dorsey (1987) and Mehrtens and Borre (in press ) and is
presented in Figure 2.

DEPOSITIONAL ENVIRONMENTS OF THE WESTERN SHELF SEQUENCE
Pre-Cheshire Units
The Pinnacle and Fairfield Pond Formations underly the
Cheshire Quartzite in central Vermont. The stratigraphy and
structure of these units was studied by Tauvers (1982) and their
depo-tectonic setting described by Dorsey and others (1983).
The
Pinnacle and Fairfield Pond Format ions are interpreted as
representing rift basin fill sedimen ts deposited following
initial rifting in the Eocambrian. Doolan and others (1982) has
suggested that this rifting may have occured at approximately
560my before present. The topography of the rift basin resulted
in a basal unit of coarse-grained elastics, possibly alluvial fan
in origin (Tauvers, 1982) overlain by finer-grained siliciclastic
sediments of the Fairfield Pond Formation, interpreted as forming
in marginal marine basins. Th e contact of the Fairfield Pond
Formation with the overlying Cheshire Quartzite was shown by
Tauvers to be conformable. These units will not be seen on this
field trip.
Cheshire Ouartizte
The Cheshire Quartzite will also not be seen on this field
trip as the best exp o s ur es of this unit occur in west-central
Vermont. A detailed field and petrographic study of the lithofaci es of the Cheshire Quartzite was completed by Myrow (1983).
The Cheshire is an important unit because it represents the
tr a n s ition from the siliciclastic rift basin fill sediments to
tho se of the newly developing platform (rift-drift transition).
Myrow recognized eight distinct lithofacies within the
Ch eshi r e. The lower uni t of the Cheshire is arkosic to
subarkosic in composition; it is similar to the Gilman Quartzite
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Figure 2.
Correlation chart for the
Cambro-Ordovician strata of northwestern Vermont. Chart
is based on biostratigraphic data by Palmer (1970), Palmer
and James (1980), Landing (1983) and Mehrtens and Gregory
(1983), and physical stratigraphic relationships by
Mehrtens and Dorsey (1987) and Mehrtens and Borre (in press) .
~ge relationships on the platform are approximate because
they .are based on ·. in.t~rtongui~g relationships with the
basinal units. The Hawke Bay'event is illustrated by the
shaded bar within the Parker Slate. Pods of Rugg .Brook
Dolomite extend from post-Dunham to Rockledge time. The
Skeels Corners Slate has been dated as Bolaspidella zone
in age but mapping relationships suggest it has a much
broader age range.
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exposed i n near by southern Quebec. Th e upper unit of the
Ches h ire is a quartz arenite and is s im ilar to the Cheshire at
its type s ection in Massachusetts.
The lowe r Ch e shir e is composed of five lithofaci es: 1) finegrained mo ttl e d grey, ar gil laceous arkos e . Di st inctive characteris tic s inc l ude extensive bioturbation; t hin , white, rippl ed
bed s and disseminated shale partings. 2) fine-grained, wh it e
suba r kosic and f i ne-grained grey arkosic beds. Clay drapes
commonly overlie the arkosic horizons. Distinctive features
inc lud e : ripple bedding, wavy and lenticular bedding, thic k and
th inly interlayered bedding, horizontally stratified an d cross
l aminated beds, and U- shaped vert ical burrows. 3) fine-gra i ned,
wh it e subarkosic beds with thin clay d ra pes. Distinctive characte r istics include: medium to thick massive and horiz on t al l y
stratified beds, occasionally exhibiting tabular cros s str a t i f ication, massive lenticular beds, lenticular low ang l e t rough
cross stratification, rippled beds, reactivation surf ac e s and
e rosional surfaces. 4) thin, lenticular, structureles s sand
bodies with erosional bases and flat upper surfaces. Low a ngle
cross stratification can be present. 5) tab u lar sand beds c haracterized by planar, non-erosive bases and reworked tops , and a
notable lack of internal structures.
The upper Cheshire is composed of three lithof a ci es: 1) a
pink to white weathering, moderately to poorly so rted, massiv e ,
structur eless , fine-grained quartzite whose c ompositio n ra nges
from quartz arenite to arkose . Minor amount s of ca r bonate cement
can be present. 2) a shale clast conglomer at e c ompo sed of interbedded quartzite with shale clasts or chip s. 3) massive
quar tzite beds , lenticular in shape wi th lar g e sca le erosional
surfaces at their bases. Beds exhibit large sca l e t rough cross
stratificati on.
Interp retations :
The se eight lithofacies can be interpr e t e d to rep resent
sedimen t s deposited on a newly formed shelf, at least in part
within wave bas e , and partially tida l ly inf l uenced. The Chesh ir e
Qua rtzit e is thought to repr esent th e marin e shelf sand
blank eting the underlying rift ba s in top ography. Shelf sediments
of the lower Ch e shir e exhib i t pe ri od ic storm sedimentation, and
a re capp e d by t he prograding s tr a ndline sands of the upper
Ch eshire. This interpretation i s ba sed on : 1) position within the
Cambrian str a tigraphi c s equence; 2) absence of any lithofacies
characteristic of th e s upra t idal en v ironment; 3) comparison to
stratigr a phi c sequ ences of similar rock units elsewhere in the
Appalach ian s /Cal edonides (Swett and Smit, 1972).
Dunham Dol omit e
Th e Dun h am Dol o mite will be the firs t unit seen on this
fi e ld t rip.
Th e lithofac ies and depo sitional e n vironments of the Dunham
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Dolomite were studied by Gregory (1982) and Mehrtens and Gregory
(in review).
These authors recognized that the Dunham Dolomite
is a 400 meter thick unit composed of four major lithofacies
representing peritidal, subtidal/open shelf , channel and
platform margin environments. The base of the Dunham Dolomite is
in gradational and conformable contact with the underlying
Cheshire Quartzite, and the Dunham represents the first carbonate
deposit on the newly formed shelf.
The peritidal facies of the Dunham is characterized by a
bedding style termed "sedimentary boudinage", which describes the
rhythmic interbedding of lithologies and subsequent differential
compaction to produce beds which contain pods, or boudins.
·rn
the Dunham the interbedding consists of beds of pure dolomite
(white) and silt-rich dolomite (red). This rhythmic interbedding
is probably the result of deposition in a tidally-influenced
regime. Bioturbation has disrupted burrowing, and early
cementation has compacted some horizons sufficiently enough to
form rip-up clasts and local intraformational conglomerates.
Cryptalgalamintes also occur in this facies.
The subtidal/open shelf facies is characterized by
shallowing-up cycles 6 to 10 meters in thickness which have at
their bases massive beds of bioturbated dolomites which pass up
into the rhythmically interbedded dolomite and silt-rich dolomite
of the per it id a 1 fa c i es • The bu 1 k of the Dunham Do 1 omit e i s
composed of these shallowing-up cycles, indicating that the tidal
flats prograded into the adjacent platform almost to the shelf
margin.
The third lithofacies, the channel deposits, are interbedded
with both the peritidal and subtidal/open shelf facies.
The
channels exhibit lenticular beds with downcutting bases, abundant
quartz sand and both intraformational and "exotic" clasts.
Trough cross stratification is also common.
Rocks characteristic of the platform margin lithofacies
exhibit horizons of polymictic breccias within a quartz sand-rich
dolomite matrix, interpreted as talus deposits and debris flows
accumulating off the Dunham carbonate bank. In the Burlington
and Winooski regions the Dunham is gtadationally overlain by the
Monkton Quartzite, but in the Georgia area the breccias grade
conformably into clast-rich horizons of the Parker Slate,
preserving the platform-to-basin transition (Mehrtens and Borre,
in press).
Analysis of the distribution of the platform margin lithofacies is important in developing a model for the geometry of the
Lower Cambrian carbonate platform, since these deposits very
accurately place the position of the platform-to-basin transition. The distribution of the platform margin deposits indicate
that the Dunham passed eastward, down-dip into the Parker Slate,
(for example, in the vicinity of Arrowhead Mountain). This downdip facies change is related to the passage into the shale basin
and deeper water sediments of the Iapetus Ocean. Platform margin

260

B-6

deposits also indicate that the shallow water deposits of the
Dunham pass northward into a basin termed the St. Albans
Reentrant (Mehrtens and Dorsey , 1987), which represents a
foundered graben within the shelf. Ba sed on outcrop patterns of
the platfor m margin facies, shale units, and breccia deposits
within the shales, Mehrtens and Dorsey (1987) and Mehrtens and
Borre (in press) defined the margins of the St. Albans Reentrant
and suggested that it was a major intrashelf basin accumulating
ba sinal shales which influenced the distribution of the shallow
wa ter platform deposits of the Dunham and post-Dunham facies.

Mon kton Quartzite
The lithofacies and environment s of deposition of the
Monkton Quartzite were studied and summarized by Rahmanian
(1981), who recognized seven lithofacies, three of which
consist of mixed siliciclastic and carbonate sediments, three of
which are pure siliciclastic deposits and one is an oolitic
dolomite facies. The 300 meter thick Monkton Quartzite is
composed of cyclic shallowing-up cycles characterized by
r epetitive packages of: 1) basal subtidal siliciclastic sand
shoals and channels overlain by, 2) interbedded siliciclastic
sand, silt, and carbonate intertidal flat sediments, capped by,
3) carbonate muds of the high intertidal and supratidal flat.
These cycles are interpreted to represent prograding tidal flat
deposits. Two siliciclastic lithofacies have been recognized: 1)
sand bars and tidal channels and, 2) mixed rippled sands with mud
drapes of the intertidal. These supra-, inter-, and shallow
subtidal sediments pass downdip to the east and north (into the
St. Albans Reentrant) into subtidal oolitic dolomites and
platform margin breccias.
The high degree of similarity between the environments of
deposition and facies distribution between the Dunham Dolomite
and Monkton Quartzite (Mehrtens, 1985) suggests that the
morphology of the Cambrian platform was established in Dunham
time and maintained through Monkton deposition. Although the
composition of the platform sediments changed from dominantly
carbonate (Dunham) to mixed siliciclastic/carbonate (Monkton),
the environments of deposition in which these sediments were
deposited, and the distribution of these environments, remained
the same. Whatever generated the source for the Monkton sands
did not effect the geometry of the platform on which they were
deposited.
On the shallow water platform the Monkton Quartzite is
gradationally overlain by the Winooski Dolomite. This can be
seen, for example, in the Winooski region. In the Milton and
Georgia areas (eastward and northward) the Monkton is overlain by
undifferentiated Parker and Skeels Corners Slates (Mehrtens and
Borre, in press).
Winooski Dolomite
The environments of deposition and lithofacies of the
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Winooski Dolomite have not yet been stud i ed in d etai l , but
initial studies suggest that it is approximately 300 meter s thic k
and is composed of the following lithofacies: 1) interbedded
r ippled fine-grained sand and silt with mi n or clay , 2) dolo mi te
with planar cryptalgalaminite structures; 3) dolomite with LLH
stromatolites reaching a height of 50cm; 4) dolomite with
disseminated quartz sand; 5) quartz arenite beds with a dolomite
matrix, and 6) polymictic breccia beds with a matrix of dolomite
and quartz sand-rich dolomite. No shallowing-up cycles have yet
been recognized within the Winooski.
Lithofacies 1 through 5 are arranged in a vertical stratigraphic sequence in an active quarry in Winooski, and are ch~rac
ter istic of the base of the unit.
Lithofacies (1) and (2) are
interbedd~d with the underlying Monkton Quartzite and are interpreted to represent peritidal deposits.
Lithofacies (3), (4),
and (5) overlie facies (1) and (2) and they make up the bulk of
the stratigraphic sequence seen along the Winooski River (Stop
6). Due to an absence of any obvious sedimentary structures, and
stratigraphic position overlying the peritidal facies, lithofacies (3), (4), and (5) are interpreted as shallow subtidal in
origin.
Lithofacies (4), (5) and (6) are recognized as composing
the uppermost horizons of the Winooski Dolomite, and are interpreted to represent subtidal and platform margin deposits,
respectively. As seen in the Dunham and Mon~ton Formations, the
Winooski Dolomite also exhibits significant facies changes
parallel to depositional strike. The platform margin breccias of
the Winooski pass northward into the shales and breccia horizons
of the Rugg Brook Formation (Mehrtens and Borre, in press) in the
St. Albans Reentrant. To the south, well up onto the adjacent
shallow water platform, the Winooski Dolomite passes
gradationally upward into the Danby Quartzite.
Danby Quartzite
The Danby Quartzite is a 35-80 meter thick mixed
siliciclastic-carbonate unit. · Near its type section in southern
Vermont the Danby is characterized by a siliciclastic basal unit
and an upper carbonate unit termed the Wallingford Member. To
the north, in this study area, the Danby thins and becomes a
mixed siliciclastic-carbonate unit composed of interbedded quartz
arenite, pure dolomite, dolomitic sandstone and sandy dolomite.
Four lithofacies have been identified by Butler (1986): 1)
intertidal to shallow subtidal, 2) subtidal, 3) open shelf and 4)
platform margin. The inter-to shallow subtidal facies is characterized by interbedded sandy dolostone, quartzose sandstone and
shales with mudcracks, vertical burrows, wave and current
ripples, cryptalgalaminites and oncolites. The subtidal sediments are compsed of thick bedded sandy dolostones and pure
dolostones with herringbone cross stratification. The open shelf
facies is characterized by thick bedded, coarse-grained dolomitic
sandstones and quartzose sandstones with large scale tabular
cross stratification. Platform margin deposits include
polymictic breccias in a dolomite matrix, and cross bedded sands
interpreted as platform margin sand bodies.
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The Danby Formation is interpreted to represent sediments
deposited on th e Cambrian platform in a c omplex mosaic o f
deposits rec ording both fair weather and storm processes.
Evidence for storm deposition is best exhibited in the in ter-to
shallow subt id al facies, where latera lly discontino u s bedd ing,
erosional downcutting surfaces, hummocky cross stratification,
and graded bedd ing are common.
PLATFORM GEOMETRY
Fig ure 3, taken fro m Dorsey and others (1983) summa r izes the
geometry of the Cambrian platform in northwestern Vermont.
Sev era l important features are shown on this diagram, constructed
from a view looking southeast. The St. Albans Reentrant, the
shale basin lying along depositional strike in the shelf, is
shown. Note also the north-to-south, and west-to-east facies
cha nges present within every Cambrian platform deposit. The
shallow wat er facies are present in the south, and they pass
northward and eastward into subtidal and platform margin
deposits, and ultimately into the shale basin. The diagram also
shows the localization of the platform margin from Dunham through
Danby time.
This is important because it indicates that the
platform was characterized by vertical aggradation, or upward
bui lding, throughout the Cambrian. Platform facies did not build
out into the basin, nor did the platform founder and experience
significant onlap of basinal shales. What could have caused the
pronounced localization of the platform margin?
If the St.
Alban s Reentrant is indeed a graben within the shelf which
found ered as a result of movement on underlying Eocambrian rift
block terrain (Mehrtens and Dorsey, 1987), in other words, a
lystric fault, then these localized deposits accumulated along
the fa ul t scarp. Sedimentation on the platform itself was able
to keep pace with thermal subsidence on the young, hot, recentlyrift ed margin, and the sediment built vertically, with an abrupt
pinchout into the adjacent basin. The timing of initial movement
of the graben which formed the St. Albans Reentrant is thought to
b e late-to-post-Dunham time, based on the fact that the Dunham
Dolomite is the only shelf unit which continues across what
b ecomes the shale basin. Following deposition of the Dunham, the
f acies on the northern rim of the Reentrant are different than
those to the south (Mehrtens and Dorsey, 1987).

263

~,

ling OoiomJ11 ( Oc)
St.lllurno Morbl1 COil
ClcnnOon Si:rlng1 Ooi.,..;to (O Ccsl
~Fll'I. (Cda)
Wlnooa.111 Dolom!t1 (Cw)
MotlktanFm.(Cm)

o.mc.n Fm.
Fairfltld
Pend
P"1111to
(CZ Ip

Upper

I Cdu)

Cllahh M - (Ccu)

l.owW' Clwahlre Mlmbor (~

N
O'\

.t:.

EXl'l.ANATION

A• Field Aroa C, Colchester
B • W.11 llri al G-gia Ml Anticthe (Scutt.ml
C.: OCCI - O?Cu contact • HI al Ca~blt Hill
D- Solt-om ''"''~le column, Winooski oroo

EF-

R<ut1 2 ucllot1

I G"'O"'Y, 1982 l

Nortnwoaom 1tratigral)hle column, Wut G1orv1a
Miltot1 Section: Arrowhoad Mt Antidlno

GH- W.11

flank al Go«gla Mt. Anticllno

I Northom)

Figure 3. Block diagram from Dorsey and others (1983 )
illustrating the proposed paleogeography of the souther n
margin of the St. Albans Reentrant. Diagram shows the
platform deposits pinching out to the east , into the
-marginal Iapetus Ocean, and to the north, into the St .
Albans Reentrant. This field trip will be viewing the
sections E (Route 2) and D (Winooski River) •

to
I

O'\

B-6

REFERENCES
Braun, M. and Friedman, G., 1969, Carbonate lithofacies and
environments of the Tribes Hill Formation (Lower Ordovician) of
the Mohawk Valley, New York, Jour. Sed. Pet., vol. 39, p. 11313 5.
Butler, R., 1986, Sedimentology of the upper Cambrian Danby
Formation of western Vermont: an example of mixed siliciclastic
and carbonate platform sedimentation, unpub. M.S. Thesis, Univ . of
Vermont, 137p.
Chisick,

s.

and Friedman, G., 1982, Paleoenvironments and
of the Lower Ordovician Fort Cassin (Uppe r Ca na d i an)
and Providence Island (Upper Canadian-Lo wer Wh iteroc k ian )
Formations of northeastern New York and a djacent south west ern
Vermont, Geol. Soc. Am. Abstr. with Pra g ., vol. 14.
lithofaci~s

Doolan, B., Gale, M., Gale, P., and hoar, R., 1 982, Geology of
the Quebec reentrant, possible constraints fr om ear ly rifts and
the Vermont-Quebec serpentine belt, in, St. Ju l ien, P . a n d
Huber t, c., eds., Major structural zones and faults of t h e
Northern Appalachians, Geol. Assoc. Can. Sp. Pa p. No . 2 4 , p . 87115.
Dorsey, R., Agnew, P., Carter, c., Ros e n c r antz , E., and Stanley ,
R., 1983, Bedrock geology of t he Milto n Qu a d rangle , northwestern
Vermont, Vt. Geol. Surv. Sp. Bu ll . no. 3 .
Greiner, G., 1982, Geology of a regres si v e peritida l sequence with
evaporitic overprints: the subsurface Du nh am Format i on (Lower
Cambrian), Fran~lin, Vermont, un p ub. M.S. The s i s, Rensselaer
Polytechnic Institute, 116p.
Gregory, G., 1982, Pa leoenvir onments of the Du nham Dolomite
(Lower Cambrian of no rthw estern Ver mont, u npub . M.S. Thesis,
Univ. of Vermont, 180p.
James, N., 1983, Fac ies mod els 10. Shall ow ing-upward sequences in
carbonates, in, Wal k er , R. , ed ., Facies Models, Geosci. Can.,
p.109- 119.
Markello, J. an d Read , J . , 1981 , Carbonate ramp-to-deeper shale
shelf t r ansit ion of an Upper Cambrian intrashelf basin,
Nolichucky Fo rmation, southwest Virginia Appalachians,
Sedime nto l ., v ol . 28 , p. 573-597 .
Mazzullo, s., 1 978 , Early Ordovician tidal flat sedimentation,
wes t e r n marg i n of the Proto-Atlantic margin, Jour. Sed. Pet.,
vol. 48, p . 49-62.
Mazzullo, s . and Friedman, G., 1975 , Conceptual model of tidally
in f lu e n ced deposition of margins of epeiric seas: Lower
Ordov i ci a n (Canadian) of eastern New York and southwestern
265

B-6

Vermont, Am. Assoc. Petrol. Geol. Bull., vol. 59, p. 2123-2141.
Mehrtens, C., 1985, Shallowing-up cycles in the Dunham Dolomit e
(Lower Cambri an) and Monkton Quartzite (Lo we r -Mi ddle Cambrian) in
western Vermont , Vt • Geo 1 . Soc • Ab st r • wi th Pr o g • , v o 1 • 11 , no • 4 ,
p. 7.
Mehr tens, c. and Gregory, G., in r eview, Platform and platform
margin sedimentation in the Dunham Dolomite (Lower Cambrian) of
northwestern Vermont, Geol. Soc . Am. Bull.
Mehrtens, c. and Dorsey, R., Stratigraphy and bedrock geology of
portions of the St. Albans and Highgate Quadrangles, northern
Vermont, Vt. State Geol. Surv. open file report.
Mehrtens, C. and Gregory, G. , 1984, An occurence of £.a...l.terella
conulat..a in the Dunham Dolomite (Lower Cambrian) of northwestern
Vermont, and its stratigraphic significance, Jour. Paleo., vol.
58, p. 1143-1150.
Mehrtens, C. and Borre, M.A., in press, Stratigraphy and bedrock
geology of portions of the Colchester and Georgia Plains
Quadrangles, northwestern Vermont, Vt. State Geol. Surv.
Myrow, P., 1983, Sedimentology of the Cheshire Formation in westcentral Vermont, unpub. M.S. Thesis, Univ. of Vermont, 177p.
Palmer, A., 1970, The Cambrian of the Appalachians and eastern
New England regions , eastern United States, i.n., The Cambrian of
the New World, Wiley-Interscience, p. 170-214.
Palmer, A. and James , N., 1980, The Hawke Bay event: a circumIapetus regression near the lower Middle Cambrian boundary, in,
Wones, D, ed., Proceedings of the Caledonides in the USA,
I.G.C.P . Project 27: Caledonide Orogen, Dept. of Geol. Science,
V.P.I. and S.U. Memoir 2, p. 15-18.
Pfeil, R. and Read, J., 1980, Cambrian carbonate platform margin
facies, Shady Dolomite, southwestern Virginia, Jour. Sed. Pet.,
vol. 50, p. 90-116.
Rahmanian, V., 1981, Mixed siliciclastic-carbonate tidal
sedimentation in the Lower Cambrian Monkton Formation in west
cent r a 1 Vermont , Geo 1 • Soc • Am. Abs tr • with Pr o g • , v o 1 • 13 , p •
170-171.
Read, J., 1985, Carbonate platform facis models, Arn. Assoc.
Petrol. Geol., vol. 69, p. 1-21.
Rodgers, J., 1968, The eastern edge of the North American
continent during the Cambrian and Early Ordovician, in, Zen, Ean, White, w., Hadley, J. and Thompson, J., eds., Studies in
Appalachian Geology, northern and maritime, Wiley Interscience,
New York, p. 141-149.

266

B-6
Shaw, A., 19 5 8 , St ra tigr a phy a n d s t r uctu re o f t h e St . Al b a n s
area, northwe ste r n Vermont, Geo l . So c . Am . Bu l l. v ol . 69, p. 519567.
Stone, S. and Dennis, J., 1964, Th e g eo l o gy o f th e Milton
quadrangle , Vt . Ge o l. S u r v. Bull . no. 26, 79p .
Swet t , D. and Smit, D., 19 7 2, Pa leoge ography and depositional
envir onments of the Cambra-Ordo vi c i a n shallow-marine facies of
the Nor th Atlantic, Geol. Soc. Am. Bull , vol. 83 , p. 3223-3249 .
Tau v ers, P., 1982, Bedrock g e ology of the Li ncoln area, Vt. Ge ol .
Su rv. Sp. Bull. no . 2,8p.
Thomas, w., 1978, Evolution of the Ouachita-App alachian
c ontinental margi n , Jo u r. Ge ol ., vol. 84, p. 32 3- 34 2.
Williams, H., 197 8, Tec ton ic lithofacies ma p o f th e Appal a c hian
Orogen, Memorial Uni versity o f Newfoundland, map no . 1 .
F I ELD TR I P ITINERARY
This fi e ld tr i p will st op at exposures of all of th e Cambr i an
units with the e xc ept i on of the Cheshire Quartz it e. All outcrops
lie on th e upper plate of the Champ l a in Th rus t, and the ge o graph i c distribut i on of facies represen ts orig i nal
r e l at i onships . Bedding dips g ently to t he east, no r th-east. For
co n v e ni ence the trip starts in the nor t h , where the subtidal and
pl a t fo r m margin facies occur a nd e n d s in t he Burlington/Winooski
r egion where tidal flat and sh a llow subtidal deposits are
expo s e d . Ho p efully at the en d of th e trip you will be able to
s e e the south -to-north facies changes whic h occur , the localized
platfor m ma r gin facies, and the gene r al f eatures of the Dunham
thr ou gh Danby Formations.
Assembly point: Sand Ba r Stat e Park on Ro u te 2 (mileage 0 .0 )
Mileage
1 .6

Stop 1- Abandonned qu a rry o n no rt h side of Route 2
Park on the southwest (right ) shoulder, cross Route 2,
and asc e nd overg rown d r iv eway into quar r y.
Th e Dunha m Do l omite e xposed here is the basal facies of
the Dunh a m, c h aracterize d by the rhythmic interbedding of
d o lomit e (wh i t e) and silt-rich dolomite (pink).
This
b e d d ing s ty le is thought to be the product of alternating
d e p os it ion of carbonate and elastic laminae in a tidal
fl at sett in g, prod u cing "ribbon bedding". Subsequent
d if f e r e n tial compaction produces "sedimentary boudinage".
There i s local imbrication of clasts. Irregular-shaped
p ods o f d o l o mite are interpreted to be burrows. The white
d olomi t e po d s are often cored by calcite. Greiner (1982)
h as d ocume nt ed occurences of gypsum. Cryptalgalaminites
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resembling LLH st ro matolites are pres ent wi th in the r e d
silty-dolomite horizons.
Return to cars and continue e a st on Rout e 2 .
2. 4

Stop 2

Shallowing-up cycles

This roadcut on the left (north shoulder) exposes 3
shallowing-up cycles within the Dunham Dolomite. One SUe
can be studied in detial on the northwest corner of the
outcrop. The sue is composed of a basal subtidal
dolomite overlain by sedimentary-boudinaged beds of the
peritidal facies seen at Stop 1. These cycles are
similar to "muddy shallowing-up cycles" of James (1983) ,
and they consist of 6-10 meters of bioturbated, sandy
dolomite pasing up into ribbon-bedded dolomite and siltr ich dolomite, local intraformational conglomerates and
cryptalgalaminites. Note the color change (white to pink)
which results from increasing amounts of silt
accompanying the change from sub- to peritidal sediments.
The contact of the peritidal with the next overlying
cycle is sharp and scoured, but there is no
sedimentologic evidence of subaerial exposure.
Return to cars'and continue driving east on Route 2.
3 .1

Stop 3- Dunham subtidal and platform margin facies
Pull off about 100 yards beyond the speed limit sign on
this long roadcut.
At the base of this outcrop (west end)
there are good exposures of the subtidal facies of the
Dunham with the characteristic mottled texture produced by
burrowing. Burrow mottles are irregular in shape and
devoid of quartz and feldspar sand. Burrows are generally
about 1 cm across but may be · as large as Bern. Between the
white burrows the matrix is very clay-rich and variable in
color. Stone and Dennis (1964) attribute this color
variation to differing concentrations of trace metals.
Specimens of s.a.lterella conulata (Mehrtens and Gregory,
1983) were found in this facies.
The platform margin facies is exposed on the east end of
the same outcrop. This facies is composed of chaoticallybedded, laterally discontinuous horizons of breccia in a
sand-rich dolomite matrix. e1ast composition is highly
variable, and includes chert pebbles, sandstones, sandydolostones and dolomitic sandstones. Breccia beds
are structureless and poorly sorted by graded beds are
present in dolomitic sandstone horizons.
Return to cars and continue east on Route 2.

3.8

Stop 4-Monkton Quartzite, subtidal and shelf edge facies
This roadcut exhibits the subtidal and shelf edge facies
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of the Monkton, as evidenc ed by th e ov er all thickn e s s o f
i ndividual bed s , increa sing amounts of shal e between
sandstone beds , prese nce of relict oolites in some
dolo mite horizons, a nd o ccurences of large scale t a b ul a r
cross s t ratificat i on. Many of these beds probably
represent shelf e dge s and shoals. Feat u res at this
outcrop can be compar ed to those seen at Stop 6.
Wa lk east 0 . 3mi t o the small knoll beyond the road sign .
Here t he polymictic b r eccia of the platform margin facies
is expo s ed. Th e cla sts are floating in a ma t rix of sandy
do lom i te and ar e i n terbedded with cross bedded sandstones.
Retur n to cars and continue east on Route 2.
4.7

T-i nsection with Routes 2 and 7 at Chimney Corners. Turn
l e f t.

4.8

Pul l of f i n t o commuter parking lot.
St op 5- Winooski platform margin facies
Wa lk from the parking area back to the intersection,
looking first at the outcrop on the southwest side. This
i s an exposure of recrystallized dolomite, cross bedded,
and in places oolitic, of the uppermost Winooski. Cross the
road to the low-lying outcrop on the east side of Route 7.
Note the variable clast composition and abundance of sand
in the dolomite matrix in this platform margin breccia.
These outcrops of Winooski at Chimney Corners and the I-89
exit ramps to the west are the northernmost outcrops of
Winooski in northwestern Vermont. Along routes I-89 and 7
to the north are exposures of the Rugg Brook Dolomite (a
basinal breccia deposit).
Return to cars and head for Burlington.

5.1

Southbound entrance ramp on I-89
Outcrops of the Monkton Quartzite occur as roadcuts all
along Route 89

11. 1

First outcrop of Winooski Dolomite on the median of I-89

11.3

Exit of i-89, southbound onto Routes 2 & 7.

1 2.5

Intersection in Winooski with Routes 2, 7,& 15.
straight ahead on Routes 2 & 7.

12.7

Bridge over the Winooski River (Stop 6 is below).
right at "Y".

12. 9

Park in the sma 11 pu 11-off on the right or across the
street in store par~ing lots.

Continue
Bear

Stop 6 Salmon Hole- Tidal flat facies of the Monkton,
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Win oo ski and Danby Fo r mat i ons
Descend the p athwa y down to the b ro ad b edding pla ne s o f the
Monkton in t h e south bank of the r i v e r. This be a utif u l
outcrop of Monkton is in danger of going u nderwa t e r fr om a
soon-to-be-const r ucted dam, in whic h cas e t hese ex c el l en t
examples of tidally-bedded sands, s ha les and dolomite o f
the supra- and intertidal Monk t on would go unde r ! Examine
the multitude of rippled surfaces, note that fl o w
directions are high l y variable. Loo k als o at t he numerous
bedding traces, both vertical and horizontal . Mudcracks can
also be found. Buff colored dolomite beds here are
int~rpreted to be supratidal in origin, so the uppermost
bedding planes are an e xample of a shallowing-up cycle in
the Monkton.
The Monkton/Winooski contact is under wa ter here but can be
seen at a quarry near the I-89 exit . I t is gradational
over about 10 meters, with progressively decreasing amounts
of sand up section into the Winooski . To view the Winooski
c 1 i mb up o u t of the r i v er , wa 1 k nor th a c r o s s the b r id g e to
the north bank and descend. The Winooski Dolomite does not
exhibit many features but cryptalgalaminites are present as
thin wisps of carbonaceous material with sand grains
concentrated along the laminae. Quartz sand is disbursed
throughout the unit (eolian?) and becomes progressively
more abundant up section as the contact with the Danby is
approached. During low water levels the entire section up
into the Danby can be wa l ked , but otherwise climb up out of
the river again, this time cross Routes 2 & 7, walk past
the Champlain Mill shopping arcade and descend to the river
on the upstream (east) side of the building.
You are now
on bedding planes of the shallow subtidal facies of the
Danby Quartzite. There are many excellent sedimentary
structures exposed at this outcrop, including hummocky
cross stratification, complexly-interwoven ripple bundles,
bedding planes ~ with interference ripples and graded beds.
Biogenic structures include small LLH stromatolites and
oncolites. Most of these features suggest that
the sediments of the Danby were frequently reworked by
storm action, resuspending and reworking the substrate, and
rapidly depositing sediment during post-storm surge ebb.
Return to cars.

End of trip.
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Stratigraphic Definition o f the Pie rmont Allochthon, Sunday Mountain to
Albee Hill, New Hampshire
Robert H. Moench and Katrin Hafner-Douglass
(Tr i p cance lled 4-15- 87, by necessity, with regrets)

The Piennont a llochthon, whose existence was not expected prior to our 1985
field season, is a f ault-bounded tract comp::>sed mainly of Silurian metasedimentary a nd metavolcanic rocks and probably associated mafic dike swanns that
extend at l east 100 km from Sunday Mountain , near Orfordville, to a few kilometers north of Greove ton, New Hampshire , and p::>ssibly an additional 200 km
northeast t o northe rn Maine . In an area that was previously mapped alrrost
entire l y as the Albee Formation (Upper Cambri a n? and Lower Ordovician) south
to Grove t on, the allochthon contains recognized equivilents of all the Silurian
formations of the Range l ey-Phillips area of western Maine, in ascending order:
Greenva l e Cove , Range l e y (three members recognized), Pe rry MOuntain (plus a
vol cani c- bearing member), Smalls Falls, and Madrid. Small remnants of the
Quimby (Upper Ordovician?) and Littleton (Lower Devonian) are exp::>sed as well.
Thes e formations are juxtap::>sed against an autochthonous seque nce in which the
Si lurian is r epre sented only by discontinuous l e nses of Clough Quartzite, and
l oca lly by the Fitch Formation. Rocks of the allochthon are inte rpre ted to
have originated 15-25 km to the southeast near the Silurian tectonic hinge of
weste rn Maine and east-centra l New Hampshire, and to have been transp::>rted to
their pr es ent p::>sition prior to about 400 Ma. This trip will examine the
autochthonous and allochthonous sequences, the pertinent localities of
isotopically dated rocks, and at least one exp::>sure of the Foster Hill sole
fault, which is the inferred base of the Piermont allochthon.
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A TRANSECT THROUGH THE PRE-SILURIAN ROCKS OF CENTRAL VERMONT
by
Rolfe Stanley, Vincent DelloRusso, Sharon O'Loughlin, Eric Lapp ,
Thomas Armstrong , Jeffrey Prewitt, Jerome Kraus, and Gregory Walsh .
Department of Geology
University of Vermont
Burlington, Vermont, 05405
INTRODUCTION
The central Vermont
region is ideally suited
to
reassess
the
stratigraphy and structure of the pre-Silurian hinterland because
many of the units mapped by previous workers and shown on the
Geological Map of Vermont are well exposed in a relatively small
region of approximately 200 sq. mi.
Furthermore,
the transect
extends from the carbonate platform through the Middle Proterozoic
rocks
of
the
Lincoln
massif
to
the
basal
Silurian-Devonian
unconformity of eastern Vermont (fig. 1).
The earlier work by
Osberg ( 1952) and Cady, Al bee, and Murphy ( 1962) is very important
because it highlighted many important problems and delineated many
of the important formations of eastern Vermont.
Subsequent work by
Albee (1965, 1968), Laird and Albee (1981), and Laird and others
(1984)
has
placed
important
constraints
on
the
metamorphic
petrology and history of the eastern cover sequence.
Isotopic
analysis by Laird and Albee (1981) and Laird and others (1984) and
discussions by Sutter and others (1985) indicate· that much of the
metamorphism is associated with the Taconian orogeny although the
degree of subsequent cooling and/or Acadian metamorphism is still
very much in debate.
Important geochemical work by Coish (1985,
1986) and his students at Middlebury College indicates that the
mafic schists become more oceanic as they are traced eastward
through much of the eastern pre-Silurian cover sequence.
The ultimate goal of our current work is a better understanding of
the tectonic evolution of the Taconian orogeny for western New
England.
Four important questions must be addressed in achieving
this
goal.
They
are:
1)
What
is
the
dominant
mechanism of
shortening in the hinterland, folding or faulting?,
2) What is the
age of the various structures?, 3) Does the hinterland shorten
continuously du ring o ro geny or is it only deformed early in the
mountain building process and subsequently acts as a rigid plunger
transmitting stress to the imbricating foreland?, and 4) How do the
rocks in the pre-Silurian hinterland correlate with those in the
Taconic allochthons.
Answers to
these questions are not only
important for the Appalachians in western New England but are
important in understanding the processes of compressional tectonics
in other mountains belts of the world where small-scale mapping is
only available at best.
Recent mapping by Stanley and his graduate students (Tauvers, 1982;
DiPietro, 1983; Strehle and Stanley, 1986; O'Loughlin and Stanley,
1986;
Lapp
and
Stanley,
1986;
DelloRusso
and
Stanley,
1986;
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Figure 1

Interpretative Tectonic Hap of Vermont and eastern New York
showing the general location of the /\rrowhead Mountain thrust fault (/\HTFJ,
th e Hinesburg thrust fault at Mechanicsville (llTFMJ, and the Underhill
thrust fault at Jerus,,lem (UTFJJ, ""d South Lincoln (UTFSLJ.
The geological
map Is taken from Stanley and Ratcliffe (1985, Pl. 1, figure 2aJ.
Symbol '.!
In /\6 is a gl,,ucophane locality at Tllllston Peak.
Short line with x's
(Worcester HountainsJ and line with rhombs (Mount GrantJ In CG and 05 mark
the Ordovician kyanite-chloritoid zones of /\lbee (1968).
Widely-spaced
diagonal lines In northcentral Vermont outline the region that contains
medium-high pressure amphlbolltes described by Laird and Albee (198lbJ.
Irregular black marks are ultramaflc bodies.
Open teeth of thrust fault
symbols mark speculative thrust zones.
The following symbols are generally
listed from west to east.
Yad, Hiddle Proterozoic of the Adirondack massif:
l'l• Biddle Proterozoic of the Green Mountain massif; !~· Middle Proterozoic
of the Lincoln massif: Y, Middle Proterozoic between the Green Mountain
massif and the Taconlc slices, Vermont: Q££, Cambr Ian and Ordovician rocks
of
the carbonate-siliciclastic platform:
rift-elastic sequence of
the
Pinnacle 1£.~J and Fairfield Pond Formations (CZ_!J and their equivalents on
the east side of the Lincoln and Green Mountiln massifs, PhT, Philipsburg
thrust: llSpT, Highgate Springs thrust: PT, Pinnacle thrust: OT, Orwell
thrust, UT, Underhill thrust : UT, llinesburg thrust: U, ultramaflc rocks:
czu, U11derhill Formation; czuj, Jay Peak Member of Underhill Formation: ocr,
Rowe
Schist;
Om,
Moretown
Formation:
Oh, 'llawley Formation
and -rts
equivalents In Vermont; JS, Jerusalem slice1 US, Underhill slice; llNS,
llazens Notch slice: MVFZ, Mlssisquoi Valley fault zone: PllS, Pinney llollow
slice;
BMT,
Belvidere Hountaln thrust: CHT, Coburn -fiill
thrust;
Oa,
/\scot-Weedon sequence in grid location 711. - -
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Prewitt , Haydock , Armstrong , Kraus , Walsh , Cua , and Kimb a ll , a l l in
progress)
has
shown the
following
important
rel a tions:
1)
Th e
Middle Proterozoic rocks of the Lincoln massif are progr e ssivel y
deformed to the east by east-over-west folds and synm e tamorphic
faults of post-Grenvillian age (Prahl, 1985; DelloRusso, 1986).
2.
The
eastern
boundary
of
the
massif
is
deformed
by
sever a l
synmetamorphic
thrust
faults
(South
Lincoln,
Jerusalem,
and
Underhill
thrust
faults)
which
contain
slivers
of
Midd le
Proterozoic rocks
(Tauvers,
1982; DelloRusso, 1986; S trehle a nd
Stanley, 1986).
3. The Hoosac (Pinnacle), Underhill, Mt. Abrah a m,
Hazens-Notch, Pinney Hollow, Ottauquechee, and Stowe Formations in
the eastern cover sequence are deformed by major pre- or early
-metamorphic
thrust
faults
that
have
been
tightly
folded
and
refolded into sheath-like folds and cut by synmetamorphic and lateto post-metamorphic thrust faults (O'Loughlin and Stanley,
198 6;
Lapp and Stanley, 1986; Armstrong,- Kraus and Walsh, in progress) .
4 • Fa b r i c s a 1 on g syn me t am o r p h i c fa u 1 t· s ind i ca t e a comp 1 e x hi s t r y
of
east-over-west
movement
followed
in
many
places
by
late r
flattening which commonly obscure the earlier direction of fault
movement.
5. The rocks within these formations have been divided
into at least 7 thrust slices that record a complex history of
deformation caused by later folding and renewed faulting.
Thrust
emplacement in the hinterland does not follow a simple east-to west
progression
toward
the
foreland.
6.
This
complex
structural
history requires that several of the earlier formations
(Hazens
Notch, Underhill) in the pre-Silurian hinterland be abandoned or
redefined.
Furthermore,
the
Ottauquechee
Formation
and
its
equivalents (Granville Formation, Battell Member of the Underhill
Formation,
and carbonaceous units in the Stowe,
Pinney Hollow ,
Hazens Notch Formations) appear to be far more extensive across
strike
than
previous
shown
by
Doll
and
others
(1961 ).
The
resulting
story
is
one
of
an
original,
relatively
simple
stratigraphy
that
was
subsequently
involved
in a
very complex
structural history.
The result is the distribution of units as we
see them today.
7. Correla ti on of mineral growth and structural
sequence indicate that synmetamorphic faulting occurred during peak
metamorphism and continued during retrogression to produce strongly
elongated chlorite clusters in the Underhill, Hazens Notch, Mt,
Abraham,
Pinney
Hollow
and
Stowe
Formations
(Lapp,
1986 ;
O'Loughlin, 1986; Armstrong, in progress).
8. Older thrust faults ,
which
are
largely
responsible
for
the
distribution
of
thrust
slices, occurred before and during peak metamorphism.

o

Analysis of mineral assemblages by Albee (1965, 1968) and Laird and
others
(1984) and amphiboles by Laird and Albee
(1981,
1984)
suggest that peak metamorphic conditions occurred at temperatures
of 500°c - 530°c and confining pressures of 4 to 5 kbars (13 to 16
km).
Recent information by Laird (this guidebook) on amphiboles
from central Vermont indicates that all the mafic schist west of
the Green Mountain crest record medium-facies series metamorphism
whereas
those
to
the
east
in
the
pre-Silurian
rocks
show
medium-high pressure series metamorphsim.
Based on a continuous
and progressive sequence of structural deformation and metamorphic
fabric a Taconian age (Middle Ordovician) is preferred for most of
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the pre-Silurian geology of central Vermont.
The young 385 m.y.
40Ar /39 Ar age reported by Laird and others (19 84) for mu scovite and
biotite at Mt. Grant and the 382 m.y. 40Ar/39Ar age for amphibole
just east of the Lincoln massif (L a nph e re and others (1983) may
suggest prolonged recrystallization and late uplift, perhaps over a
deep ramp, for this part of Vermont.
THE LINCOLN MASSIF
The Lincoln massif represents the northern most exposure of Middle
Proterozoic rocks in the Appalachian Mountains in the United States
(fig. 1).
Although small compared to other external massifs of the
Appalachians (about 50 sq. miles), it is important because 1) it
contains mafic dikes associa ted with Late Proterozoic rifting, 2)
the relations between the Middle Proterozoic and its overlying Late
Proterozoic
cover
are
reasonably
well
displayed,
and
3)
it
preserve8 a record of the progressi ve deformation of the massif
during the Taconian orogeny.
The massif is divided into an eastern
and western part by a syncline of the lower part of the Pinnacle
Formation.
All of the early work on the northern part of the massif was done
by Cady, Albee, and Murphy (19 62 ) for the U. S. G. S. Lincoln
Mountain 15 minute quadrangle.
The southern part of the massif was
mapped by Osberg ( 1952).
Our current understanding of the massif
is based on detailed mapping at a scale of 1:24,000 or larger of
the northern half by Tauvers
(1982a),
Prahl
(1985),
DelloRusso
(1986)and DelloRusso and Stanley (1986).
Middle Proterozoic Basement Rocks
The Lincoln massif is largely made up of massive to well-foliated,
granitic orthogneiss that becomes progressively more overprinted by
lower Paleozoic deformation and metamorphism from west to east.
The gneisses of the Western Lincoln massif consist of a massive,
pink to light - gray weathered, medium grained biotite - quartz
feld spar paragneiss; a finer grained, strongly foliated, biotite
gneiss with
conspicuous
magnetite
octahedra and
large
biotite
grains; and a relative thin, but continuous coarse-grained, augen
gneiss containing plagioclase, quartz and microcline.
The gneiss
of the Eastern Lincoln massif is largely made up of fine-grained,
massive,
light-gray
to
white,
quartz-plagioclase
gneiss
with
microcline and perthite common locally.
Biotite is noticeably
absent or rare compared to its abundance in the gneisses of the
Western Lincoln massif.
Epidote, calcite and sericite are abundant
particularly where the gneiss is severely altered by Paleozoic
deformation.
This unit is compositionally homogeneous throughout
the Eastern Lincoln massif and it is not interbedded with any of
the other rock types suggesting that it is of meta-igneous origin
compared to the paragneiss of the Western Lincoln massif.
Metasedimentary
sequences
schist,
mafic
schist,
or
isolated patches along the

aluminous
consisting
of
quartzite,
are
commonly
found
in
au gen
gneiss
In the
margin of the Lincoln massif.
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Western Lincoln massif
to 5 m thi ck beds of massive, gray to
white
quartzite
occur
near
the
microcline
augen
gneiss
that
outlines a series of Paleozoic folds which extend across this part
of the massif.
Isolated patches of quartzite are also found near
the basement-cover contact.
These quartzites may correlate with
similar quartzites mapped along the western part of the Eastern
Lincoln
massif
where
they
are
associated
with
light-colored
tourmaline
bearing, white mica schist, and mafic schist.
The
quartzite commonly contains minor amounts of sericite, tourmaline,
biotite,
magnetite
and
rutile.
The
white
mica
schist
is
distinctive in that it contains large porphyroblasts of chl oritioid
and abundant needles of tourmaline.
Along
the
eastern
boundary of
the
Eastern Lincoln massif,
a
coarse-grained,
plagioclase
augen
gneiss
is
interlayered
with
chloritic and conglomeratic quartzite.
This unit contains coarse
plagioclase augen up to 4cm across.
The biotite-rich matrix of the
gneiss contains chlorite, epidote, and small clasts of blue quartz.
This unit may represent a metamorphosed arkose in which the source
area consisted of tonalite and mafic rocks.
To the west within
this unit,
the augen gneiss becomes coarser grained and more
biotite-rich
near
its
contact
with
the
granitic
orthogneiss
whereas, to the east, it becomes finer grained and more feldspathic
as the basement-cover contact is approached.
Mafic schist occurs in a variety of settings that range from dikes,
to fault zones, and conformable beds in metasedimentary sequences.
Amphi boli te layers with pyroxene, hornblende, bioti te, epidote and
plagioclase are found as isolated outcrops where it is interlayered
with the medium grained, biotite gneiss of the Western Lincoln
massif.
Garnet amphibolite is associated with the bedded quartzite
and
tourmaline sericite schist along the western part of
the
Eastern
Lincoln
massif
and
may
well
represent
mafic
flows
deposited on that sequence.
Tauvers (1982a) mapped biotite-rich
amphibolite
as
interlayered
belts
within
the
light-colored,
granitic gneiss in the very northern part of the Eastern Lincoln
massif.
These belts may well represent highly-deformed Grenvillian
dikes.
The
remaining
mafics
schists
are
thin,
highly
foliated,
biotite-rich schists
that
occurs as
linear
bodies
with
sharp
contacts within the granitic gneiss of the Eastern
Lincoln massif.
DelloRusso (1986) has shown that these bodies are spatially related
to Paleozoic fault zones, although they may have had such different
origins as intrusive dikes or metasomatically altered amphibolites
within fault zones.
One of the most important mafic rocks in the Eastern Lincoln massif
are
found
as
linear,
metamorphosed
dikes
that
truncate
the
Grenvillian foliation in the orthogneiss and in turn are truncated
by the basal contact of the Late Proterzoic Pinnacle Formation.
These rocks are composed of quartz, chlorite, epidote, biotite, and
plagioclase.
Primary
amphibole
is
absent.
Large
plagioclase
phenocrysts are characteristic and locally abundant although the
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g r ai ns n r e s a ussuritized.
Di k e c ont ac t s with th e gra n it i c g n e i s s
Ma n y of
a r e s h ar p a nd xenoliths of gne i ss a r e co mmon in the dikes.
the dik e margins are a lt e r e d to biotite-rich sc h ist that contai n
lar ge r g rains of ra n do mly - ori e nt e d biotite.
The map a nd con t act
relations of these d ik es indicate that
they
for med
after the
Gr e nvilli a n oroge n y, bu t befor e the depositio n of t h e basal un i ts
of the Pinnacle For ma t i on.
They probably represen t mafic di k es
that
were
associate d
with
the
rifting
of
t he
No rth Am erica n
contin e ntal cru st d u r in g th e Late Prot e rozoic.
Cu rre n t ge och e mic a l
work by Raymo n d Co is h a nd his studen t s
at
Middl e bury College
suggest
that
t h ey
are
c hemically
si mil ar
to
t he
Ti bbit
Hill
Volcanic Member of the Pinnacle For mati o n,
a maj o r
rift-clast
facies of western Ne w Eng land.

Late Proterozoic Cove r Roc k s

(fig.

2)

The Late Proterozoi c c ov e r - seque n ce n o rth a nd we s t of the Lincoln
massif
consists
l a r ge ly
of
magne tit e -b ea ring,
quartz-feldspar
metawacke
with
ma trix-supp o rted
conglomerate
interbeds.
Discontinuous
beds
of
pink
to
sa lmon-colored
dolostone
and
associated chlo r itic metawacke a n d s c hist are locally important.
Dis cont i n u ous
q u a rt z
cobble
co n g lomerates
define
the
contact
bet ween
the
Pi nnacle
Format i o n
and
the
underlying
Middle
Prot er oz oi c b a s e ment of the Lincoln massif.
The conglomerates
ra n ge
in
t h i c kness
from
1
to
20
m.
Some
of
the
thicker
c on g l ome r ate s a re rich in l arge c o b bl es and boulders of plagioclase
g neiss whic h suggests r a pid dep o s itio n, in contrast to the thinner
q uart z - ri ch c o n glom e rates which i nd icat e more prolonged erosion and
wi nno wing.
Th ese relations in d ic ate a varied topographic relief to
t he basement .
Based on this ev idence Tauvers (1982a) suggested
th at t h ese rocks were deposit e d in rift basins which rapidly filled
a nd were replaced by a rel ati ve ly shallow, broad, featureless basin
represented by the dark sh al es and thin siltstones of the Fairfield
Pond Phyllite.
This u ni t in turn grades upward into siliciclastic
a nd carbonate rocks of th e stable platform.
I n contrast to the d e p ositional contact observed along the western
and
nor t h e rn
mar g i n s
of
the
Lincoln
massif,
the
eastern
basement - c on ta c t appe a rs to be locally tectonic, although it is
poo r ly e x pose d (fi g. 3 ) .
Directly east of the inferred contact,
f ault z ones wi th slivers of Middle Proterozoic granitic gneiss have
b een
ma p ped
wi t hin
the
basal
500
m of
the
cover
sequence.
Con g lome r at e i s rare along the basal part of the eastern cover
s e qu en ce.
One outcrop at South Lincoln, Vermont, exposes a 40 m
sect io n of h i gh ly-deformed, matrix-supported conglomerate made up
of peb bl es and cobbles of quartzite and gneiss (Tauvers, 1982;
Str e h le and Stanley,
1986).
The overlying rocks of the Hoosac
Fo r ma tio n are made up of quartz-feldspar metawacke interlayered
with b io t ite schist and muscovite-biotite schist some of which
con ta in g a rnet.
Albitic schist, which is typical of the Hoosac to
th e so u t h along the eastern side of the Green Mountain massif, is
pr ese nt
b ut
minor
compared
to
the
total
section
at
Lincoln
t o wn shi p.
These
relations
suggest
that
the
cover
sequence
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Geologic map of the northern end of the Eastern Lincoln massif illustrating
the contrast betwean the wastern and eastern border.
The western boundary
is marked by an angular unconformity that is vertical or overturned to the
east.
A prominent basal conglomerate is found along this contact and faults
ara rare.
In contrast,
major thrust fault
mark
the eastarn boundary .
Lithic designators ara tha following: Ymhg - granitic gneiss of the Mt.
Holly Complex. Ymha - amphibolita or amphibolite-rich parts of the Mt. Holly
Complell:,
CZpbc basal conglomerate in the Pinnacle
Formation,
CZpm
muacovite-rich
metawacke
of
the
Pinnacle
Formation,
CZu
Underhil l
Formation, CZuql - quartz laminated schist of the Underhill Formation, CZhg
- schistose metawacke of the Hoosac Formation, CZhbg - biotite metawacke o f
the Hoosac Formation, CZhms - mafic schist in the Hooaac Formation.
CB Crash Bridge, CHT - Cobb Hill thrust zone, JT - Jerusalan thrust fault, · UT Undarhill thrust fault, SLT - South Lincoln thrust fault .
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immediately overlying the Lincol n massif is large ly ma d e u p of th e
rift elastic rocks that were d epos it e d in a s it e th a t was l o cate d
between the basal sections prese nt l y e xp ose d a lon g th e wes t e rn a nd
eastern boundaries of the Middle Prot e ro z oi c rock s of th e Gr e en
Mountain massif.
Structural Relations
Grenvillian Structures
Few major s tru c tur e s of Grenvillian a ge can
be
recognized in the Middle Pr ot e rozoic
rocks
of
the
Lincoln
massif.
Perhaps the most impor t a nt f e ature is the cont a cts of the
metasedimentary sequences in the ma ssif with the adjacent gneisses.
In
the
Eastern Lincoln massi f
this
contact appears
to
be an
unconformity since the contact i s sh a rp and it is not cut by dikes
or sills of the granitic gne i ss .
Where quartzite overlies the
gneiss,
however,
clasts
of
th e
underlying
gneiss
are
absent
indicating that mature,
q u a r tz - r ich sands were deposited on a
gentle erosional surface.
S imil a r
relations are also observed
where quartzite is in contact with g n e iss along the margins of the
Western Lincoln massif.
The
metasedimentary
sequence
of
plagioclase
augen
gneiss,
quartzite, and conglomerate a lon g the eastein margin of the Eastern
Lincoln massif suggests qu it e a different setting.
The sedimentary
interpretation of the auge n gneiss
(arkose)
suggsts
that
this
sequence of rocks rep r ese n ts the rapid deposition of very immature
material
from
an
older
t o nalitic
terrane.
The
interlayered
quartzites could represent mature sands deposited during periods of
relatively slow sedimen t a tion.
Although
the
cont?ct
with
the
underlying gr a n i t i c gn eiss is not exposed, the increase in grain
size towards this con t act suggests a fining-upward sequence.
The only majo r te ctoni c structure of Grenvillian age that has been
mapped
in
the
nort h ern
part
of
the
Lincoln
massif
is
an
ea s t - pl u n gin g fo l d delineated in a quartzite - tourmaline schist
maf i c schis t sequence on the western side of the Eastern Lincoln
ma ssif .
Al though the Grenvillian fabric in the gneisses of the Lincoln
massif
is
overprinted
by
Paleozoic
structures,
it
is
easily
identified by a coarse mineral layering defined by alternating
quartz-rich
and
feldspar-rich
bands
containing
well-developed
quartz rods.
This layering is discordant to the basement-cover
c ontact throughout the Lincoln massif although it is more difficult
to distinquish from
the younger Paleozoic foliation along the
eastern margin of the massif.
Taconian (?) Structures
A Taconian(?) foliation marked by aligned micas in the gneiss
becomes progressively more pervasive as it
is traced
eastward
across the Lincoln massif.
Chlorite and biotite are present within
this
foliation
where
the
host
rocks
are
richer
in iron and
magnesium
than
in
the
sericite - bearing
granitic
rocks which
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underli e much of the Eastern Lincoln massif.
Availabl e i so t op i c
age infor mation from the surro undin g a rea suggests a Taconi a n age
f o r th i s f o 1 i a t i o n ( s u mm a r i z e d by S u t t e r and o t h e rs , 1 9 8 5 ) .
Th i s
foliation was formed · when the Lincoln massif was fold e d into a
series of doubly-plunging, north-trending anticlines separated by a
intervening syncline.
'rhi s syncline divides the massif in t o the
West ern a nd Eastern massifs.
The structural featur es of the Western and Eastern massif s differ
in
d egree
rather
than
style.
Broad
folds
ou tlined
by
the
microcline augen gneiss an d quartzite dominate the Western Lin~oln
massif.
A few faults have been mapped, but they are of minor in
importance.
In
contrast,
faults
dominate
the
East ern
Lincoln
massif where they b ec ome more numerous and prevasive toward the
eastern-cover
sequence.
These
faults
are
of
two
kin ds,
east-directed reverse faults and normal faults associat ed with the
flexural-slip folding of the western part of the East ern Lincoln
massif and west-directed thrust fault associated with the Cobb Hill
thrust zone in the Eastern Lincoln massif and the imbricate slices
of the basal part of the eastern-cover sequence.
Well preserved
asymmetrical
fabrics
along all
of
the
fault
zones
record
the
consistent east
over
west direction of motion across
the
massif.
The structural profile across the Lincoln massif therefore
records the progressive failure of a
representative part of North
American crust as it was incorporated into the collisional zone
during the Taconian orogeny.
This detailed mapping has led to the
interpretation that the Lincoln massif developed as a series of
large-scale basement folds,
which were progressively imbricated
from east to west and subsequently transported westward along the
Champlain thrust zone during the Taconian orogeny.
Metamorphism
Few definitive indicators of Grenvillian metamorphism are present
in the Lincoln massif because the rocks are largely granitic in
composition.
Taconian
metamorphism
has
severely
altered
the
original
Grenvillian
assemblages.
The
presence
of
garnet
amphibolites
and
pyroxene-bearing
amphibolites
suggest
that
Grenvillian metamorphism was at least at the conditions of the
amphibolite facies or perhaps even higher.
These assemblages were
recrystallized
under
greenschist
to
epidote-amphibolite
facies
conditions during the Taconian orogeny.

EASTERN COVER SEQUENCE
The pre-Silurian eastern cover sequence consists of the Hoosac,
Underhill, Mt. Abraham, Hazens Notch, Pinney Hollow, Ottauquechee,
Stowe and Missisquoi Formations of Doll and others (1961).
These
formations
are
largely made
up
of gray
to
green,
non
rustyweathering schists; rusty-weathering, brown to dark gray to black
carbonaceous schist; aluminous, silvery chloritoid-bearing schist;
metawacke;
quartzite;
granofels;
and
abundant
mafic
schist
(greens tone).
Al bite porphyroblasts are common in many of the
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INTERPR ETIVE CRO SS-SECTION AL ON G L ATITUD E 44°00'N
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NO VERTICAL EXAGGERATION

Interpretative east-weat cross section along latit u d e 430oo• N thr ough the
Lincoln massif, central Verll!ont.
This cross section shows the Cha mpl a in
thrust fault projected eastward beneath the Lincoln mas s if wh e r e it r oots to
the east of the exposed basement.
Part of the auto chth on o us pl atfo r m (CP )
and rift-elastic (RC) sequence ia shown to e xi st ben e ath the Champlain
thrust fault .
Anticlinal stacks or duplexes shown abo ve
t h e Ch a mplain
thrust fault are speculative, but structures of this type are t hought to b e
an important element in the development of large scale base ment f o l ds .
This
cross section shows that Lincoln massif as a ser i es of base ment fo l ds that
were progressively imbricated from east to west and subseque n tl y trans ported
westward on the Champlain thrust fault during the
latter p ar t of the
Taconian orogeny (Stanley and Ratcliffe, 1985).
Renewed mo vem en t o n the
Champlain thrust fault or a deeper thrust fault during the Ac a d ian o r ogeny
can not be rulad out and may in fact ba suggested by tha 385 m.y. isoto pic
age from muscovite and biotite from the crest of tha Green Mountains (Lai rd
and
others,
1984).
Although
the
fault
geometry in
the
eastern cove r
sequence is diagrammatic,
it ia based on the fact
that preme t amor p h ic
(representad by the folded lines) and aynmatamorphic (gently curved lin es )
thrust faults dominant tbis ~equance.
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units.
Serpentinite and related rocks are largely found in th e
Ottauque c hee
Formation,
other
carbonaceous
schists,
and
the
Moretown Member of the Missisquoi Formation.
Many of these rocks
are found along faults (Stanley and others, 1984).
Although the
ultramafic rocks could have originally been olistoliths from a
large slice of oceanic crust comparable to those mapped in Quebec
and Newfoundland, subsequent deformation has tot ally obscured such
an origin.
Blue quartz is found in the metawack es of the Hoosac,
Pinney Hollow, and Ottauquechee Formations.
The mafic schists are important because they are easy to map and
provide valuable geochemical, petrologic and isotopic age data that
helps to constrain the tectonic evolution for western New England
(Coish
and
others,
1985,
1986;
Laird
and
others ,
1984,
for
example).
Those in the Pinney Hollow and Stowe are particularly
helpful in locating premetamorphic and synmetamorphic faults.
Many
of the mafic schists that we have mapped west of the Green Mountain
crest in the Hazens Notch and Underhill Formations are slices or
slivers on faults.
Stratigraphy
The rocks in the pre-Silurian eastern cover sequence have been
viewed as a coherent al though highly deformed sequence of uni ts
that become younger to the east (Doll and others, 1961).
Thus the
Hoosac Formation to
the west was
considered
the
oldest
(Late
Precambrian to Lower Cambrian) and the Missisquoi Formation was
considered the youngest (Ordovican).
Fossils are absent from the
sequence and the supposed ages are based on correlation to similar
fossiliferous rocks either in Quebec or the Giddings Brook slice of
the Taconic allochthons. These correlations are highly speculative
since none of the pre-Silurian units in eastern Vermont can be
traced uninterrupted to the fossilerous localities.
Recent detailed mapping in a number of areas
in Vermont have
. clearly demonstrated that the pre-Silurian section is marked by
major faults that are largely premetamorphic (or early metamorphic)
and synmetamorphic in age (Stanley and others, 1984; Tauvers, 1982;
DiPietro, 1983; Loughlin and Stanley, 1986; Lapp and Stanley, 1986;
DelloRusso
and
Stanley,
1986;
Prewitt,
Armstrong,
Kraus,
in
progress).
Similar findings have been reported by Zen and others
(1983) in western Massachusetts and Karabinos (1984) for the basal
part of the sequence along the eastern border of the Green Mountain
massif in southern Vermont. Thus the sequence is not coherent and
the
age
assignments,
stratigraphic
sequence
and
geological
evolution are all in doubt and must be reinterpreted in light of
these findings.
Several authors have suggested that these rocks
represent
the
defomed
remains
of
an
accretionary
wedge
that
developed
during
the
Taconian orogeny
(Rowley and Kidd,
1981;
Stanley and others, 1984; Stanley and Ratcliffe, 1985).
If true,
we might expect a very complex tectonic history superposed upon an
orignal
sedimentary sequence
that
formed along the continental
margin of ancient North America.
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During the past 4 years our work in central Vermont has shown thst
many of the mappable units occur in discontinuous lens es and belts
which are repeated across strike.
The contacts betw een most of
these units truncate smaller units such as greenstone, metawacke,
and schist that we map in previously recognized formations.
Th e
carbonaceous
schists
form
an
excellen t
example
of
this
relationship.
Carbonaceous
rocks
are
found
in
th e
Underhill,
Granville,
Hazens
Notch,
Pinney
Hollow,
Stowe
and
are
characteristic of the Otta uquechee Formation.
Each of these units
are rusty weathering, a re marked by a certain a mount of sulphidic
stain, and contai n v ary ing a mounts of graphi t e.
Black albite is
found in all
the units even the
Ottauquechee where al bite
is
certainly subordinate compared to the other car bonac eous units.
Black,
gray,
and white quartzite is present in all
the
units
although it is most ab undant in the Ottauquechee.
Interestingly
enough, rocks with all of these characteristics were earlie r mapped
in the Otta uquechee
Formatio n
(Osberg,
1 952;
Cady and others,
1962).
Osberg (1952) recognize d the sim~larity among so me of these
belts and on his map showed synclines of Ottauquechee throughout
the eastern part of the Pinney Hollow.
On the Bedrock Geological
Map of Vermont (Doll and others, 1961), however, they are shown as
carbonaceous schists in the Pinney Hollow.
We believe this was a
unfortunate choice because the map shows the Ottauquechee as a
single linear belt separati ng the Pinney Hollow from the Stowe
rather than several belts which can be recognized across strike.
We would go even farther than Osberg did and suggest that the
Ottauquechee or rocks that are lithic correlative to it occur as
far west as the Underhill (Battell Member) and as far east as the
carbonaceous schists in the Stowe.
Furthermore, we have been able
to demonstrate at
the scale of 1 :12,000,
or larger,
that
the
carbonaceous schists truncate units in the adjacent formations.
This relationship, combined with fabric information, indicates that
the
contacts
are
either premetamorphic,
early
metamorphic,
or
synmetamorphic faults.
We propose,
therefore,
that the Battell
Member of the Underhill, the Granville Formation, the carbonaceous
schists
in
the
Hazens
Notch,
Pinney
Hollow,
and
Stowe
were
originally part of one continuous deposit that extended eastward
from the ancient continental crust of North America to oceanic
crust.
Changes in sedimentary facies did exist but its basic
carbonaceous,
sulphidic
character
persisted.
Their
present
distribution
is
the
result
of
a
very
complex
history
of
deformation.
Another example is provided by the silvery green to gray green to
light gray schists of the Hazens Notch, Pinney Hollow and Stowe.
Albite porphyroblasts and deformed quartz veins are characteristic
of each of these uni ts.
Magnetite is common.
Greens tones that
look identical in outcrop are common in the Pinney Hollow and
Stowe.
They are different than those in the Hazens Notch where the
greenstones are
darker in color and
commonly albitic.
Osberg
( 1952) recognized this similarity in the Pinney Hollow and Stowe,
but showed them as separate formations because of their differences
and the fact that the Ottauquechee consistently separated the two.
We suggest, however, that the Pinney Hollow and Stowe were once
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part of the same deposit .
We further suggest that the light gray ,
magnetite-bearing, albitic schist of the Hazens Notch represents a
western facies of the Pinney Hollow.
Similar rocks also are found
in large tracks of the region mapped as Underhill (Thomp son and
Thompson,
this guidebook; Walsh,
personal communications).
This
proposal
requires
therefore
that
the
Ottauquec hee
overlie
the
Pinney Hollow and Stowe.
Figure 5 is a stratigraphic correlation chart for the pre-Silurian
of eastern Vermont.
The position of the respective columns in
central Vermont is based on recent mapping and the discussion in
the foregoing paragraphs.
The correlations with the sequence in
the Taconic allochthons and the eastern limb of the Berkshire
massif is based on lithic similarities and sequence among the
respective areas.
The correlation between the rocks of Group 3
slices of Stanley and Ratcliffe ( 1985) and the eastern Vermont
sequence has been proposed by a number of earlier workers (Keith ,
1934; Thompson,
1967).
The stratigraphic arrangement presented
here is therefore tentative and is undergoing modification during
each field season.
A number of important aspects of this correlation chart require
explanation because they differ from the more tradiational view of
the pre-Silurian stratigraphy in Vermont.
They are the following:
1. Major thrust zones separate each of the columns.
Thrust
faults are also present within many of the columns.
For most of
the units shown in this manner it is possible to locate their
respective root zone.
For example, the Mt. Abraham Schist roots
a long
the
western
boundary
of
the
Pinney
Ho 11 ow
and
the
carbonaceous schist of the Hazens Notch roots along the western
boundary of the Ottauquechee Formation.
The serpentinites and
related rocks are presently found along faults.
The only exception
to this rule are the serpentinites found in the eastern part of the
Moretown near Roxbury.
These bodies are
largely found within
greenstone and direct evidence of throughgoing faults is absent.
Evidence concerning their original mode of emplacement for all the
ultramafic rocks is uncertain.
2. The albitic rocks in the noncarbonaceous rocks of the Hazens
Notch, Pinney Hollow and Stowe are considered to be equivalent.
rocks
are
Similar
rocks
also
exist
in
the
Underhill.
These
and
Hoosac
correlated to parts of the Greylock Schist
(CZga)
Netop
Formation
(CZhab,
CZh)
of western Massachusetts and the
Formation of southwestern Vermont.

3. The Battell Member of the Underhill (not shown) and the
carbonaceous schists in the Pinney Hollow are assigned to the
carbonaceous schist of the Hazens Notch Formation (O'Loughlin and
Stanley 1986; Lapp and Stanley, 1986).
These units are a facies of
and equivalent to the Ottauquechee Formation.
It is identical and
traceable into the Granville Formation of Osberg (1952).
Although
we assigned these carbonaceous schist to the Hazens Notch, we now
believe
that
the
term "Granville" would possibly be
a
better
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EXPLANATION FOR FIGURE 5- T h o lithic ey mbole n h own in n n c h column
ere exp lnin e d by geogrep hi o iooaiity a tarting with tho oldeat unit.

of

figure

5

Woat Central Vermont
Ymh- grenitio gneieo of tho Ht. Holly Complex, Y
myloni tio gnoiae et Sout h Linool n, CZpbo - bnael oo nglomornt e in tho Pinnncle
Form ntion, CZpbg - biotite wacke, CZpfd - Foreetdnie Hnrble, CZpm - muacovit e
wncka, CZpcl - c hl orite wecke and chlorito eo hiat, CZhbo - bnoel conglomcrnte in
the Hooeec Formation, CZhbg
biotite wecke, CZhg
aohiotoao wack e, CZup,l
qunrtzi te leminnt e d ec hi e t o f
the Undorhill Forme ti on, CZufg, we ll folintod
wecke, CZu - mixed unit coneie ting of gar n et, chlorite, mueoovite achiata, thin
qunrtr.it~.
CZ11gn - gnrnotiferouo echint, CZfp - grey, finely lamineted phylll to
eof th e Fairfield Pond Form11tion, Cea - nrgilleo a oun qunrtzite of the Chenhlr a
Formation, Ccm
meaaive, bodding quartzite of thn Cheohira Formation, Cd
Dunham Dolomite, Cm - Monkton Qunrtzite, Cw - \l~nooeki Dolomite, Cdn - quartzit e
11nd doloetone of tho De nby Formation, Cce - Clarendon Spr ing e Dolomite, Low er
Ordo vi cia n
Beakmn ntown
Croup
o oneiate
of
iimeotone,
doloetone
nnd
minor
qunrtzite nnd ehnle of tho S holburne Formation (Oo), Cutting Dolomito (Oc),
Bnncom Formntion (Ob), and Chipman Formation (Ocb), Omm - Middlebury Lim co tono,
Oo
Orwe ll
Limaatone,
Ogf
Clene
Falla Formation,
Owl
fonailif ero ua
limcetone
lo n eee
near
the
bene
of
the
\lelloomaeo
Formation,
Oh
binck
cerboneceoue niete end phyliite of the llortonville Formation, Ow - dark gray,
grnphitic echiet end phyllite o f
the Wnlloomaap Formation, Oww
\lhipatock
Braccia Homber of the \lalloomaac Formation.
Tnconic Allochthona - ~roup 1 and 2 - CZnr, Reneeelner Greywecke Member of the
Nassau
Formation,
CZnv
metnboaeit
nn d
boenltic
tuff,
CZnm
luotrouo,
ycllo wish-~r ee n,
purple leminnted chloritoid - chlorite phyilite of the He ttnweo
Member,
CZnt - Truthviiie Slate,
CZ nb - Bomoaeen Craywecke Member, CZn:o:h
Zion llill Quartzite,
CZnmp Hud Pond Quartzite, Cwc
dark grey to block,
pyritiferoue and ceicoreo ue e lat e with thin aandy laminae of th e Weat Caatleton
Formation, Chh - bluia h-grny weat hering black aulphidio elate and chert, Opo
whit e
weethoring,
well
lnminnted
grey
elate and
chert,
On
Normenekill
F ormation, Onmm
black elate end thin bedded cherte of the Mount Merino
Hrmber, Onir - r e d end greon elate of the Indian River Member, Onng - Auotin
Clen Creywecke Member
Croup J- CZgn, Lig ht gree n to grey, white albitic echiat with eome magnetite,
chlorlte granofele of the Creylock Schiet, CZne - Neto p Formation in the Doreet
Ht. eiice, CZgb - black of derk grey chloritoid or ettlpnomalnne eibite, quartz
knotted
echiet,
leneee
of
feldapethic
qunrtzite,
conglomerate,
end
pink
doloeto n e, CZg
light green, luetroue chloritoid phyllite and minor bede of
white albitic echiet, CZac - St. Catherine Formation in the Doraet Ht. alice.
East Limb of the Berkahire maeaif - CZheb (CZh) - grey to white eibite epotted
echiet of the llooenc Formation, CZhgeb (CZhge) - green elbite magnetite achiat,
CZhg - green nluminoua chloritoid echiat. ·The aymbola in parentheni.e refer to
dcaignetione o f equivalent unite on the Ceologic Hep of Haaaachuaette (Zen end
othere , 198J).
the aymboia are
Crecn Hountein enticlinorium - Northfield Hountaina
(Hany of
repented from colu mn to column.
Theee aymbola are explained in the firat column
that they appear in ea the columna are reed from left to right)
Lincoln Cap-Ht. Abreham-Hezena Notch alicea - CZhn aiivery white to dark green
to black ec hiat
epotted with white elbite,
minor white to gray laminated
qua rtzite of the lle zene Notch Formation.
Hefic achiat ebundent in the eaatern
pert,CZhnc - ruaty weathe ring, black elbitic achiat with wideapreed graphite end
mi nor thin black or grey quartzite.
CZhnc hee been celled the Battell Member of
tho Unde rh ill (Doll and othere,
1961) and the Crenville Formation (Oeberg,
1952).
CZa
Ht. Abraham Schiet.
Silvery colored peragonite
muecovite
chloritoid
chlorite (garnet) achiat withe dietinctive pearly aheen on the
echiatoaity, CZemg
aimiler to the main body of Ht. Abraham Schiet but with
ab undant magnetite end chloritized garnet, CZaga - Huecovite
chlorite achiat
of
the
Ht.
Abraham Schiet with
large
porphyroblaate of garnet end minor
chlorit oid,
Lincoln Cap-Pinney Hollow alicee
Additional eymbola are:
CZhnce
ruaty
weath ering, dark grey to blnck elbite echiet with diecontinuoue petchee of
graphite.
Treceeble
into
the
Grenville
Formation.
CZph
ailvery green
muecovita - chlorite - quartz achiet of the Pinney Hollow Formation, CZphe light
g ray muacovite
chlorite -quartz achiat with albite porphyroblaata, CZphg
mafic echiate of the Pinney llollow, CZphw - gray wecke with minor blue quartz,
Co - block, pyritiferoua and graphite achiat. of the ottauquechee Formation, Cobq
- black and gray quartzite of the Ottauquechee Formation, Coqa - eendy quertzoee
echiet of the Ottauquechee Formation, e - aerpentinite and talc-carbonate rock.
Ottouquechee - Stowe alicea - Additional eymbole ere1 CZe - Stowe Formation eilver y green, muecovite
chlorite
quartz achiat identical to CZph, eome
achiet e ere richer in chlorite, CZeg - mafic achiet in the Stowe Formation.
Stowe-Moretown elicea - Om, pinetriped achiet and mefic echiet of the Moretown
Formation, Och
black, grephitic echiet and thil) quartzite of the Crem Hill
Formation.
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choice.
Mu c h of the carbonaceous schist within the Hazens Notch
proper is c onsid e red to be a highly deformed thrust slice Hlth ough
some of it ma y well be a facies of the noncarbonaceous Hazens
Notch .
Acc ord i n g to our present thinking the " all ochthonous" part
of the ca rbon a ceous schist
would be reassigned to the Granville
Formatio n.
The stratigraphic column for the Lincoln Gap-Pinney
Hol l o w s li c es does show some carbonaceous schist as part of the
Haze ns Notch.
Resolution of this problem awaits further work.

4 . Th e Ott a uquechee Formation is shown to overlie the Pinney
Ho ll o w a nd S towe.
This contact is a major premetamorphic or early
me t am o rp h ic fault zone.
The root zone for the Ottuaquechee slice
ha s ye t to be found but it is thought to be located somewhere in
the ea st e rn part of the belt mapped as Stowe by Doll and others
(196 1 ) or a l o n g the western part of the Moretown.

5 , The Ot t auquechee Formation is an enigma.
Bec ause it contains
ult r a mafic rocks it is thought to have been deposited far to the
east on oceanic crust.
It contains, however, much quartzite and
quartz-rich schist which would suggest a nearby continental source.
The presence of rare blue quartz supports this view.
How do rocks
of this type end up with ultramafic rocks?
Did the quartz come
from a continental source to the east or north and not to the west
as traditional is thought to be the case for rocks with blue
quartz?
Could some of the rocks in the Ottauquechee represent
trench elastics eroded from an older accretionary wedge?
6. The Mt. Abraham Schist is definitely
along the western part of the Pinney Hollow
found in the Rochester quadrangle.
These
the chloritoid-bearing schists in the Group
Ratcliffe (1985) and the Saint Catherine
(1967).

allochthonous and roots
where similar rocks are
rocks a.re correlated to
3 slices of Stanley and
Formation of Thompson

It should be evident from the foregoing discussion that many of the
units in the pre-Silurian sequence west of the Moretown are thought
to be laterial equivalents of each other rather that a simple
eastward-younging
sequence
in
the
earlier
view
shown
on
the
Geologic Map of Vermont (Doll and others, 1961 ).
We do believe,
however, that the sequence originally became younger to the east
because the average age of the sediment cover becomes younger
toward the ridge in an expanding ocean (fig. 6).
This sequence was
th en deformed into a complex arrangement of units in a setting that
is similar to an accretionary wedge between two converging plates.
Our mapping only begins to show the complexity of this deformation.
Mu ch of the earlier history is destroyed by the process itself.

Structu re
One of the important questions posed earlier in this
paper
was
the
nature
of
the
shortening
mechanism
in
the
metamorphosed
pre-Silurian
hinterland.
Was
folding
the
major
mechanism or was faulting?
To what degree are both mechanisms
important?
And finally, how are they related, if evidence for both
exist?
Answers
to
these
questions
depend
on
scale,
the
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Figure 6

Speculative diagram showing the inferred stratigraphic relations among the
Late Precambrian and Cambrian rocks along the ancient North American margin .
The re rift model is taken from Lister and others ( 1986).
Evidence is not
available to s u pport this particular rift model rathar than others for the
New England Appalachians.
It is used, however, simply as a template to show
t h e inferred atratigraphic relations of the overlying cover rcoks.
Lithic
designators are the following: CZp - Pinnacle Formation, CZu - Underhill
Formation, CZn - Nassau Formation, CZnm - Metawes Member of the Nassau
Formation, CZs - Mt. Abraham Schist, ·CZph - Pinney Hollow Schist, CZs
Stowe Formation, CZhc, carbonaceous schist of the Hazens Notch Formation an d
its equivalents (Granville Formation), Cs - Sweetsburg Formation, Cwc - We~ t
Castleton
Formation,
Chh
Hatch
Hill . Formation,
Co
Ottauquech ee
Formation.
Other symbols are: ctd - chloritoid, a - albitic rocks , v v
mafic
volcanic
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gsbbroic
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Time
A elmpli fied grnph ehowinP, the nchemBtlc relations of eight repreaentRtive fault
typ es
e n d A single metamorphic episode
in
the liinterlend.
PH
repreacnte
pre-metamorp hic faults, EM represents early metamorphic feultn, PPeH repreaentn
pre-peok
mctomorphic
fmilte,
SynM repreeente eyn-metnmorphlc f8Ulte,
PoPeM
reprenonta poot-peek metamorphic faultn, LH repraaente late metamorphic faults,
ond PoH repreeenta poet-metamorphic feulTa.
Faults C and E repreeent faults
with--e-compoaite hietory.
The distinction between "' premetnmOrphic"' and "early
metamorphic"'
foulte
le commonly diffcult
to determine
because metamorphiem
obliteretee much , if not ell, of the fAbric information.
The criteria thot ore
l iote d
unde r
"'pre-metnmorphic
feulte"
would
apply
therefore
to
"eerly
metamo rphic"' feulte although soma fabric information· might be preserved ae
incluolona
in
porphyrobleete.
The
distinction
between
between
"early
metamo rphic"'
end
"pre-peek
metamorphic"'
faults
ea
wall
ee
"poet-penk
mote morphlc" ond "'late metamorphic" feulte is e matter of degree and eubjective
evnluotio n
of
the
feult-zona
fabric
end
mineralogy.
All
feulte
era
dietlnguie lted
by
criteria
I
end
2
for
pre-metemorphJc
faults.
Oriented,
fault -z one fabrics ere preeerved for thoee feulte thst were nctive during end
ofter the p ee k of metnmorphiam end may well apply to "pre-paok metamorphic"
feulte.
Ductile
febrlce
ere formed
during
the
metamorphic
episode,
while
brittle fRbrlce develop before end after matamorphiem.
Trnnnitionel febrice
(brittle-d uctil e)
era
formed
in
thn
region
where
the
fault
croaeee
the
metomorphlc curve after the metamorphic peak hne been achieved.
PeH represents
the peek of matnmorphlc inte.nelty.
MT repi-eaente the "metemorpiiTC threohold"
IA.
repreeente
the
renga
of
poeeibTe
ieotopic
egee
eeaocietad
with
the
;etemo rphic epleoda.
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availability of easily - recognized units, and the degree to whi c h
critical fabrics are preserved.
Metamorphism, despite producing
minerals that can be used to determine the physical condit i ons of
deformation, commonly anneals and simplifies preexisitng fabrics so
that much of the deformational history is erased.
Thus, we a r e
left with lithic units whose field characteristics are suffi c i e ntly
distinctive that they can be recognized and mapped from pl a ce to
place at a scale suitable to show their mutual relations.
For
example, if we can show that a series of metasedimentary units c a n
be traced consistently through a complex fold pattern and can be
used to predict larger structures, then a fair chance exists that
they
are
part
of
an
original
depositional
sequence.
This
conclusion is strengthened if their contacts are gradational, even
over a small distance, and show no signs of intense, concentrated
shear.
On the other hand, if a metasedimentary or metavolcanic
unit is in contact with different units then the contact is either
an unconformity or a fault.
Here again the
fabric
along
the
contact may be helpful.
If the contact is a synmetamorphic or
postmetamorphic fault, then well oriented fabrics with displacement
criteria are commonly present (table 1).
Premetamorphic or early
metamorphic
faults
are
more
difficult
to
recognize
because
fault-related fabrics are largely destroyed by metamorphism.
Here
we must depend upon the mutual relations of four or more lithic
units.
Such faults are recognized when two or more units on both
the footwall and hangingwall are truncated along the contact (i.e.
the fault,
table 1).
This criterion applies equ 1dly well with
synmetamorphic
and
postmetamorphic
faults,
but
in
these
cases
additional evidence is available in the fault fabric.
Additional problems must be solved when analyzing the simple-shear
fabric along a proposed fault.
The presence of a well developed
schistosity and a prominent lineation is really not sufficient
since these types of fabrics can be formed equally well by pure
shear (flattening) as they can by simple shear.
Such asymmetrical
fabrics as drag folds, C-S fabrics, mica fish, porphyroclasts with
asymmetrical tails,
and rotated porphyroblasts are
the
type of
evidence that indicate simple shear rather than flattening.
If a
contact has features such as these, it is quite likely that the
contact in question is a fault, particularly if it truncates other
rock units.
On the other hand, the presence of symmetrical fabrics
such as overgrowths or "beards" on porphyroclasts and the absence
of asymmetrical fabrics with a consistent sense across a contact
would indicate that the contact is simply a product of severe
flattening (pure shear).
An offset of an older marker can occur in
situations like this but here i t is due to volume loss during
flattening rather than simple shear displacement along a fault.
In
many situations not all the evidence is available to determine if a
given contact is a fault or not.
Table
lists some of the criteria that have been used to recognize
With the
fRults in the pre-Silurian hinterland of central Vermont.
II
prepossible exception of some of the old faults that we map as
or early metamorphic" faults,
most of the faults that we have
mapped in the central Vermont transect were formed under elevated
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t e mp e r a tures ( 3 00°c to 53 00c) an d pr e ssures ( 2 Kbar to 5 Kbar or
approximately a depth of 6 t o 16 km) a nd thu s are considered to
have formed by ductile or semiduc tile proce sse s.
These faults are
divided into eight gro ups depending on when they occurred relative
to the dominant met a morphism represented by the mine ral assemblages
in the surroundi n g rocks.
The simplified graph in Table 1 shows
the schematic relations of these eig ht groups relative to a single
metamorphic
episo de.
The
faults
are
classified
as
"premetamorphic",
"
early metamorphic",
"pre-peak metamorphic",
"peak metamorphic ", post-pea k metamorphic", "late metamorphic", or
"postmetamorphic" depending on when they occurred relative to the
pe a k of metamorp hism when the highest' grade assemblage was formed
in the
rocks.
"Pre-peak",
"peak",
and "post-peak" metamorphic
f a u 1 t s a re c o n s i d e re d to be " syn me ta m· o r p h i c " •
Com po u n d fa u 1 t s a re
those where repeated movement occurs under different metamorphic
conditions.
The age of synmetmorphic and postmetamorpic faults can
be determined by isotopic analysis of minerals with radioactive
elements that formed during the history of the fault.
For all the
premetamorphic
and
early metamorphic
faults
these
ages
simply
represent an upper limit - the faults are older than the calculated
age.
The cr it er ia and conce pts listed in Table 1 have been used
with
some
success
(O'Loughlin
and
Stanley,
1986;
Lapp
and
Stanley,1986;
DelloRusso
and
Stanley,1986)
but
are
constantly
undergoing
revision
as
a
result
of
current
field
work
and
petrographic analyses.
Let us return to the early question of the relative importance of
folding and faulting.
There is little doubt that folding has been
an important component in the total shortening in the pre-Silurian
hinterla nd.
Min or folds of at least five generation's can be seen
in many parts of the area.
Major isoclinal folds are outlined by
many mappable units.
The hinges of these folds plunge to the east
and southeast nearly parallel to the dip of their associated axial
surface schistosity.
Their geometry therefore decribes complex
sheath folds whose shape is a product of severe flattening and
profound elongation parallel to the long dimension of the sheath
(A rmstrong and Prewitt, in progress).
It is this generation of
fold s (Fn) that accounts for most of the recorded fold
related
shortening according to our present studies.
The schistosity (Sn)
that is parallel to the axial surface of these folds forms the
dominant schistosity throughout the region.
This generation of
structures deforms and severely transposes an older generation of
folds (Fn -1) and is, in turn, folded by several younger generations
(Fn+ 1 and Fn+2) as it is traced westward across the axis of the
Green Mountain anticlinorium (O'Louglhin and Stanley. 1986; Lapp
and Stanley, 1986).
A even younger fold generation (Fn+3) is found
to the east along parts of the Northfield - Braintree Mountains.
The
major
part
of
the
shortening
across
the
pre-Silurian
hinter land,
however,
is
accounted
for
by
the
preor
early
metamorphic and synmetamorphic faults.
Much of this shortening
he re
appears
to
be
associated
with
the
older
pre- or early
metamorphic faults because they largely control the distribution of
similar map units across the region (for example, the carbonaceous

293

B-8
schist of the Hazens Notch Formation or the Mt. Abraham Sc hist). It
is these faults that are subsequently deformed into large s h eath
folds.
The
sheath
folds
are
in
turn cut by the more planar
synmetamorphic faults which parallel the dominant Sn schistosity.
The older Fn-1 folds may have developed with the older faults in
which
case
the
faults
would
be
"early"
rather
than
"pre"
metamorphic.
Metamorphism and Age of Deformation
The metamorphism in central
Vermont has received considerable attention by Albee (1965, 1968),
Laird and Albee (1981), Laird and others (1984).
This work and new
findings are summarized by Laird in this guidebook.
Studies on the
relation
between structure and
mineral
growth are
reported
in
O'Loughlin and Stanley (1986) and Lapp and Stanley (1986).
The
results of this work along the western side of the Green Mountains
shows
that
there
is
a
continuous
overlapping relation between
mineral growth and the structural sequence Fn-1 through Fn+2.
For
example Sn-1
is preserved in isolated hinges between Sn or as
inclusion trails of graphite, white mica, quartz, and opaque in
porphyroblasts of albite and garnet.
Some of these trails can be
traced into the Sn schistosity.
All the peak metamorphic minerals
such as chlori to id, garnet, kyani te, and plagioclase either are
oriented parallel to or grow across the Sn schistosity.
Chlorite
occurs as fine and coarse grains.
The fine grained chlorite is
oriented parallel to Sn.
The coarser - grained chlorite developed
from garnet and is found in pressure shadows that are oriented
parallel to Sn.
Prominent chlorite streaks, which also grew from
garnet, are well developed on the dominant Sn schistosity in the
Mt.
Abraham
Schist
and
the
Pinney
Hollow.
Chlorite
is
also
deformed by Sn+1, and is oriented parallel to Sn+1 along the west
side of the Green Mountains.
The only· minerals which clearly
represent a separate period of growth are large muscovite and
biotite
grains
that
cut
across
Sn+1
and
Sn+2
with
random
orientation in the Underhill and Hoosac Formations.
These cross
micas are not the ones that gives the 385 m.y. age at Mt. Grant.
Those grains are associated with Sn and Sn+1.
The Sn schistosity on the west side of the Green Mountains can be
traced eastward to Granville Gulf where i t forms
the
dominant
schistosity
defined
by
chlorite,
epidote,
and
actinolite
in
greenstones.
Barroisitic hornblende surrounding actinolite from
this locality gives 39Ar/40Ar ages of 448-471 m.y. (sample V145 of
Laird and Albee, 1981, Laird and others, 1984).
The barroisitic
hornblendes
may have
formed
during Sn-1
although
there
is
no
evidence for this relation.
Laird (this guidebook) states that
these rocks have undergone an earlier medium-high pressure series
metamorphism represented by the barroisitic hornblende.
This was
then followed by a lower grade greenschist facies metamorphism.
Similar relations are preserved in the pelitic schists to the west
where kyanite and garnet are retrograded to sericite and chlorite.
At present the relation between the isotopically - dated minerals
and the respective schistosities that have been recognized across
transect are still not clear.
Are the younger ages simply a result
of cooling or were metamorphic reactions still going on west of the
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Green Mou n tain axis until 385 m.y.
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THE LINCOLN MA SSI F AND I TS I MM EDIATE COVER
By
Rol fe S.

Sta nley ,

Vincent DelloRusso, S h a ron O' Lou g h lin,
Lapp
University of Vermont
Burlington, Vermont
05401

and Eric

ITINERARY
Th e t ran s ect across central Vermont is divided into two day s .
Th e
Satu r day trip will begin along the western boundary of t h e e aste rn
Lincoln massif and progress eastward to the crest of the Green
Mountains where we will only see the Hoosac, Underhill, Mt. Abraham
and
Ha z ens
Not ch
Formations.
The
remaining
pa rt
of
the
pre-Silurian eastern Vermont sequence will be seen on Sunday when
the trip will concentrate on the Hazens Notch, Pinney Hollow,
Ottauquechee, and Stowe Formations in the valleys of the White and
Mad Rivers.
The introductory part -0f this
paper entitled
"A
Transect through the Pre-Silurian rocks of Central Vermont" applies
to both days.
The figures are numbered sequentially as if the two
days were a single trip.
The "References Cited" also apply to both
days.
Meeting place for Saturday trip
Vermont. Time 8:30 A.M.

Lincoln

General

Store,

Lincoln,

Geological maps, cross sections and texts for all the stops for
Part I in the Lincoln massif and the eastern cover sequence are
available through the Vermont Geoogical Survey.
They are Tauvers
( 1982a), DiPietro ( 1983), Strehle and Stanley ( 1986), DelloRusso
and Stanley ( 1986), 0' Loughlin and Stanley ( 1986), and Lapp and
Stanley (1986).
The following stop descriptions, therefore, depend
heavily on this information.
Stops 1 through 6
The western boundary of the Eastern Lincoln
massif (fig. 7; plate 2, DelloRusso and Stanley, 1986) (DelloRusso)
- These stops show the basement cover contact on the western limb
of the massif, a small, newly discovered syncline of cover within
the massif, and Late Proterozoic mafic dikes.
A discussion of the
chemistry
of
these
dikes
will
be
presented
by Ray Coish of
Middlebury
College.
These
stops
will
also
demonstrate
the
difficulty in recognizing the precise boundary between the Middle
Proterozoic basement and its immediate cover even in areas where
the deformation is not intense.
Stop 1
This
is
a
12
ft
high
exposure
of
coarse
cobble
conglomerate
containing
abundant,
matrix-supported
cobbles
of
quartzite and gneiss.
The cobbles are derived from the nearby Mt.
Holly Complex.
The composition of the matrix is similar to the
finer-grained metawacke found elsewhere in the basal part of the
Pinnacle Formation.
Sedimentary features
such as
bedding and
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SCALE
Fi gur e 7
Geological map taken from DelloRusso and Stanley (1986, pl. 2) showing stop
loc a tions 1 through 6 for t he western limb of the Eastern Lincoln massif.
The
long a r row s parallel to t he roads show the route.
Li thic symbols are the
followin g : Ymhg - granitic gneiss of the Mt. Holly Complex, Ymhgb - biotite
schist z ones in the granitic gneiss of the Mt. Holly Complex, Zmd - mafic dikes
in the Mt . Holly Complex, CZpbc - basal conglomerate of the Pinnacle Formation,
CZpm - sc his t ose metawacke of the Pinnacle Formation.
High angle faults are
s hown by t h i ck dashed lines with "U" and "D" symbols. Thrust faults are ahown by
t h ick d ashed lines with solid barbs.
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STOP. 2
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Figure 8
Detailed geological map of Stop 2.
figure 7.
Geology by DelloRusso.

Lithic symbols are listed in the caption for
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figure 7.
The sy~bol "pg" refers to pegmatite.
Geology by DelloRusso.
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channels are
deformation.

absent .
Note that the cobbles s how little
There is only one Paleozoic foliation here.

or

no

Stop 2 - (fig. 8) - Exposure of the basal unconformi ty.
This stop
illustrates the difficulty in recognizing the precise unconformity.
As a guide try first to recognize the boulders and cobbles.
After
you have done this s uccessfully,
then locate the unconformity.
Note the similarity between the metawacke and the deformed gneiss
directly beneath the basal conglomerate.
The attitude of bedding
and the respective foliations are shown on the small inset map on
figure 8.
Note that the Paleozoic foliation is only well developed
in the gneiss near the unconformity.
This feature suggests that
the gneiss was weathered and hence weakened before deposition of
the cover.
Magnetite is common in the metawacke.
The gneiss is
the typical light-gray to white weathering, massive, medium-grained
muscovite
perthite
microcline
quartz
plagiocl ase gneiss
that underlies much of the Eastern Lincoln massif.
Stop 3 - (fig. 9) - This is an exposure of a Proterozoic mafic dike
that cuts across the Grenvillian foliation in the gneiss.
The dike
can be traced to the west were it is truncated by the basal
conglomerate. The dike contact is exposed in two places in the
outcrop.
The dike rock is a dark-green to brown weathering, fineto medium-grained schist containing sericite,
epidote,
biotite,
chlorite,
and
plagioclase
with
minor
carbonate,
opaques,
and
sphene.
Along the contacts the schist is rich in biotite.
Large,
relict, euhedral white plagioclase phenocrysts are common.
Stop 4
Walk south from Stop 3.
This is another exposure of a
Late Precambiran dike.
Note that the dike cuts the Grenvillian
foliation in the surrounding gneiss.
Xenoliths of gneiss are
present.
Geochemical
data
indicate
that
these
dikes
were
originally
high-titanium,
high
phosphorous,
alkaline
basalts
(Filosof, 1986) that are similar in composition to the Tibbit Hill
Volcanics of the Pinnacle Formation (Coish and others, 1986).
Thus
dikes such as these could be feeder dikes to the overlying mafic
volcanic rocks in the overlying rift elastic rocks.
Stop 5 - Walk south from Stop 4.
This is another Late Proterozoic
dike.
It
contains
gneiss
xenoliths.
Note
the
contact.
The
Paleozoic foliation is only poorly developed at best.
Stop 6 - This series of outcrops is in a small, parasitic syncline
on .the western limb of the massif.
High-angle faults developed
during the formation of the syncline and cut the basement as well
as the overlying cover.
As a result it is often difficult to
separate
deformed
basement
gneiss
along
the
faults
from
the
overlying basal cover.
This is further complicated by the fact
that the gneiss directly beneath the cover appears to have been
weathered
before
the
basal
conglomerate
was
deposited.
The
presence of gneiss boulders and quartz cobbles in several places,
however, helps delineate the unconformity and resolve some of these
problems.
In one exposure a pegmatite in the gneiss is truncated
by the unconformity.
Along the faults, the gneiss and overlying
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Pinnacle metawacke ure def o r me d i nt o a
contains q u artz, felds p ar, a n d ser icit e.

t a n- c olor e d

s chi s t

t ha t

Stop 7 - "Crash Bridge " - ( fig . 10 a nd 1 1
De lloR u s s o a nd S t a n le y,
1986) (Stanley) - This outcro p i s loc a t e d a lo n g t h e Ne w Have n Riv e r
at the secon d bridge to the eas t of th e ge n e r a l stor e i n Li n c oln.
Here the Middle Proterozoic gra niti c g n e i ss a nd a mp h i b oli t e a r e
truncated b y t h e basal co n glo mera t e o f th e P inn a cl e F or ma t io n wh ic h
is strongly overt u r n ed to the east.
Unlik e s top 1 the c ont ac t h e r e
is a thrust fa u l t marked b y s h ea r e d biotit e sc h is t a nd mu s covit e
schist with gneiss fragme nt s
(fi g . 10).
Again t h ese ro c ks are
difficult to distinquish f ro m so me of th e over l ying me t a wack e s
because muscovite schist looks mu c h lik e th e o v erlyi n g me t a wacke.
In thin s ection, howeve r, th e two d i ff e r in t h e degree of grain
orientation and the perce nt age of biotit e .
The mu sc ov i te schist
has no biotite and the mu scov i t e and quartz are s t r on g ly oriented
compared to the metawac k e wh ere the grains are mor e random and
biotite is fai r ly abunda n t .
I t is therefore not surprising that
the contact bet wee n the fault z one a nd the b asa l conglomerate is
i ndi st in c t.
The ba s al c on g l o merate a t "Crash Bridge" is qu i t e different than
the cong lom e ra te at S t op 1 which is more t ypica l of the basal unit.
Here the c o nglom er a te i s l a rgely made up of c l as t- s upported cobbles
a n d bo u l ders of gran it i c g n e iss that are a r ra n ge d in lensoid bodies
s e par a ted by magnetit e -b ea ring metawacke.
Although these rocks are
tig h t ly folded and cut b y a pervasive Pale ozoic schistosity, their
shapes a nd mutual rel a tions suggest th a t they are paleochannels in
which
the
basal
part
of
the
c h anne l
f a ces
toward
the Middle
Proter o zoic rocks beneath and east o f t h e bridge .
Tauvers (1982a)
who wa s the f i rst to recognize the nature of this deposit suggested
that the clast - supported channe l s f o r med during periods of very
rapid flow whereas the matrix f o r med during period of reduce flow.
One such environment where d ep o s its such as this can develop is on
an alluvial fan in arid to s e mi- a rid climates (Tauvers, 1982b).
A
submarine fan, however, mi gh t be equally plausible.
As s hown on the geolog i cal map and profile section the layering in
the P i nnacl e Fo rm a t i o n h as been deformed into a series of reclined
f o ld s
t ha t
b eco me tighter as the fault contact is approached.
Th ese f old s and t h e associa t ed axial surface schistosity are coeval
wi th g e n tl y -pl u nging folds along the unfaulted, western boundary of
the massif.
Their counterclockwise asymmetry indicates that they
d e v e lo ped on the western, overturned limb of the Eastern Lincoln
massif.
Furt h ermore, we suggest that these folds have been rotated
from t h eir original low plunge to a steeper plunge as the thrust
fa u lt was developed on the overturned limb of the massif.
The
t rans p ort lineation on thrust faults throughout the massif plunges
t o t h e east or slightly south of east (DelloRusso and Stanley,
1 98 6 , pl. 4).
Deformation and metamorphism at
"Crash Bridge"
is Taconian as
suggested from isotopic age analysis at this and nearby localities.
A biotite K/Ar age of 410 m.y. was obtained from a biotite schist
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at
this
locality
(Cady,
1969 ) .
Direc tly
to
th e we st in the
Pinnacle Formation other iso t o pi c age d e termination s reported by
Cady (1969 ) were recalc u lated by S u t t e r a nd others (1 98 5 ) and fall
within the ra n ge 370 to 397 m. y. with a bout a 2 0 m.y. error.
They
interrupt
these
data
to
re pr ese nt
c ooling
ages
from
Taconian
metamorphism (abo u t 465 m. y) .
Stop 8
Cobb Hill Thrus t Zone ( fig . 1 2 ; DelloRusso and Sta nley,
198 6 , pl. 2 and 4).
(DelloR u ss o a nd S tanl e y)
Drive s outh from
"Crash Bridge" thro u gh So u t h Lin co ln (about 4 or 5 houses) along a
dirt road for about 7 miles.
Turn northwest on a Forest Se rvice
road.
Park at the house at the very end of this road.
The
locality is
located
on
t he
ea s t
side
of Alder Brook and is
difficult to find.
The Cobb Hill thrust zone i s t he
Lincoln massif .
A bra n c h o f this
Bridge"
local i ty.
Alder
Br ook,
lineament i n the Lincoln mass if is
zone.
NO HAMMERS PLEASE -

major thrust zone in the Eastern
thrust passes through the "Crash
which
is
a
major
topographic
largley controlled by this fault

YOU MAY COL LECT LOOSE MATERIAL ONLY.

T he s e r i e s o f o u t c r o p s i 11 us t r a t e s the d e v e 1 o pm en t o f a my 1 o n i t i c
faul t z one in granitic g neiss.
A description on the various phases
and the supplemental discussion are published in DelloRusso (1986)
an d De lloRusso an d S t a nley ( 1986, pl. 4 specifically).
Study the
o ut c rop beginning with the southernmost outcrop.
The evolution of
t he f a ult zone fabric is divided into 4 phases.
P ha se
- Fragmentation of the granitic gneiss - In this outcrop
we find pebble - to cobble-size clast s of coarse-grained gneiss in a
finer grained, foliated matrix of recrystallized quartz, feldspar,
and sericite that is compositional similar to the gneiss.
The
sericite forms from the alteration of feldspar with the addition of
water and aluminum oxide.
The only foliation present in the gneiss
clasts is the coarse mineral layering of Grenvillian age.
Although
there is no evidence of cataclasis in the matrix, it is likely that
fracturing may have been important in the very early stages of
deformation.
Phase 2 - Pervasive mylonitic schistosity - Moving a bit to the
north
we
find
that
a
well
developed
mylonitic
layering
or
schistosity is present in the matrix.
The number and size of the
gnei ss clasts is greatly reduced and the grain size in the matrix
is finer.
The foliation is well developed and quartz grains and
clusters are elongated into a pronounced lineation.
We suggest
that recrystallization and recovery has continued to reduce the
grain size and eliminate the original gneiss clasts.
Phase 3
Folded mylonitic schistosity
Moving still farther
north we find that the mylonitic schistosity is now folded into
tight,
reclined
folds.
These
folds
are
asymmetrical
with
a
cl ockwise or north-over-south asymmetry.
Like the folds at "Crash
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Br i GgP " these folds plunge slig htly south (S65E,35) of th e mineral
lin e ct ii on (S71E, 30).
We suggest that the mylon itic fabric at this
stag e has become unstable because the grain size has been reduced
to such a size that it is easier to deform by folding than by
further grain-size reduction.
In essence, the myloni te has strain
hardened.
Phase 4
Shear bands and fragmented mylonit e
Moving still
farther
north
we
find
that
shear
bands
are
present
on
the
attenuated short limbs of the reclined folds.
The shear bands are
very planar, thin, micaceous layers that clearly trunca te the older
mylonitic foliation at a low ang,le.
Continued deformation and
shear movement along the bands offsets and rotates
this older
foliation and results in a new "breccia" consisting of myloni tic
fragments.
The development
of sericite along the
shear bands
indicates that retrogession of feldspar is an important softening
mechanism
during
this
phase
of
deformation.
The
absence
of
recognizable deformation of the shear bands indicates that they
represent the youngest phase in the development of the fault zone.
Continue to the north for 50 ft.
Here you will find an outcrop
with many of the features that we have already described.
Here,
however, several large quartz veins intrude the zone parallel to
the layering.
Near the quartz veins are sericite-rich schists or
phyllonites.
We have seen the occurrence of sericite at a number
of stages in the evolution of the fault zone.
Here they are formed
on a larger scale and represent the final product of alteration
along the fault zone where siica-rich solutions invade the zone.
It is likely that much of the strain along the Cobb Hill thrust
zone is concentrated in these sericite-rich zones.
This fault is a postmetamorphic thrust zone in that it overprints
the older Grenvillian metamorphism.
We estimate that it formed
under "ductile" conditions with temperatures in the order of 400°c
to 450°c and pressures of 4 or 5 kbars (10-15 km), although the
indicators are certainly not precise.
Stop 9
South Lincoln Bridge (fig.13) (Stanley) - Return north to
the "village" of South Lincoln.
Try not to block traffic across
the bridge.
This outcrop, which consists of mylonitic gneiss and
basal conglomerate, was originally mapped by Cady and others (1962)
as
the
contact
of
the
eastern
cover sequence and
the Middle
Proterozoic
rocks.
The
presence
of
chlorite
schist,
biotite
schist, and garnet schist identical in composition and aspect to
the overlying Hoosac Formation to the west and structurally below
the outcrop of gneiss and conglomerate indicates, however, that a
major thrust fault occurs along the lower contact of the gneiss.
This relation was first recognized by Tauvers (1982a, 1982b) who
considered it to be part of the Underhill thrust zone.
DelloRusso
and Stanley (1986) have recognized similar relations along the
eastern border of the Lincoln massif.
This particular fault they
named the Sou th Lincoln thrust.
Petro fabric analysis has shown
that the gneiss is mylonitic with distinct layers of quartz and
feldspar (Strehle and Stanley, 1986).
A very prominent mineral
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lfoosac
Formation
(CZhos).
A pervasive ,
p l a ty
mylonltlc
foliation (Sm) and pene tr a t ive mi n e r a l ll n e atlon dominates the
gneiss (represented by symbo l s in gn eiss sliver. Ymhg, a nd
shown by the contoured data I n Figur e 331.
The fault Is
deformed by youngf?c folds ( F2) rep r e sent e d by the symbols to
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In Jeru sa l e m,
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fault-related deformation a l ong t h e Unde rhill th r u s t fault
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Figure 14

Location map for
the Cota Brook Sequence and the Fire Road Fault Zone.
Topographic base is from the Lincoln 7.5 minute topographic quadrangle.
Elevations are in feet above sea level. Cross mark located below the label
for Cota Brook locality is at longitude 72.57.30 west and latitude 44.05.00
north. file road in the northern (upper) part of the map is the Lincoln Gap
Road. Lincoln Gap is off the map to the east. A part of Gerry Road is seen
along the western boundary of the map.
Black spots represent observed
outcrop.
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elongntio n plunges to the so uth east ( S64E, 52 ) in the plane of th e
mylonitic foliation.
'l'he orientation of recrystallized grains a nd
the quartz C axis fabrics indicate east-o ver-w est movement.
Th e
dominant deformation mechanism is dislocation creep resulting in
the recrystallization of both quartz and feldspar.
Bas e d on these
fabrics and the presence of garnet in so me of th e surrounding rocks
Strehle and Stanley (1986) estimate that the fault zone developed
under ductile conditions co mparable,
but perhaps some h at deeper
than the Cobb Hill thrust zone.
Agai n, Taconian deformation is
inferred
based
on
available
isotopic
age
information
and
the
similarity in orientation of fabrics across the massif.
We will
see that this same fabric orientation continues to the east into
the pre-Silurian cover.
Stop 10
Cota Brook Sequence (figs 14 and 15) (O'Loughlin and
Lapp)
The Cota Brook sequence is a stratigraphical ly coherent
section of metawackes and mafic schists of the Hoosac (Pinnacle)
Formation.
Outcrop is exposed in the strea m valley and banks of
Cota Brook at elevations of 1350 to 1390 feet above sea level.
The
Cota Brook sequence is bounded both upstream and downstream by
zones of fissile schists with abundant graphite pods and layers.
These
zones
are
interpreted
to
be
"pre-peak"
or
"syn-peak"
metamorphic faults (fig. 15).
Rock units surrounding these fault
zones are lithologies in the Underhill Formation.
Faults do not
app e ar to be present within the sequence.
A tight to isoclinal
fold within the sequence is defined by mafic schists and changes in
the dip of the dominant schistosity.
The geochemical data and
amphibole petrology will be discussed by Coish and Laird (refer to
thei r respective papers in this guidebook).
Lithic ,descriptions
and estimated modes are given in Table 2.
Stop 11

Fire Road Fault Zone

(figs 14 and

16)

(Lapp and Stanley)

This group of outcrops shows the typically complex contact relationships
of the area and is easily accessible from a forest service road 2 km southwest
of Lincoln Gap <see location map}. This area is distinctly marked by a 20 m x
1-2 m milky quartz vein (see outcrop sketch>.
Black carbonaceous schist of
th e Hazens Notch Formation <EZhnc> occurs along the lower (western} part of
this outcrop, while chloritoid-white mica Mt. Abraham Schist <EZa> occurs
above.
Outcrops of the latter unit are, here, anomalously rusty weathering
and contain flattened garnets with chlorite pressure shadows and kyanite
psuedomorphs composed of white-mica.
Contacts between the two schists are extremely sharp and highly
" interfingered". One exposure shows folds in the rusty schist truncated by
th e carbonaceous schist along a pre- to syn-metamorphic fault. This contact
was later folded and intruded by the large quartz vein.
Reactivated faulting
further displaced the schists to the west, over the quartz vein along a
corrugated surface. The east-west trend of the hinge line of the corrugations
is parallel
to quartz lineations on the carbonaceous schist <EZhnc>, which is
also found as lineated slivers within the quartz vein.
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Cota Brook Sequence

HE IAl.IACKES
In general, t:he me t a wackes a r e light: tan t:a browni'!ih in c olo r and
re sistant: ta

'!i l:r-e a m era'!iian

than the

mafic '!ichi'!it:s.

are l e ss

Faur lit:hlc t:y pe'!i have

b een di st I ngul shed.
Im

laminated metaHac ke
well laminated or foliated, quartz
whl te mica rich, with "quartzite"
blotite porphyroblasts.

rich,
little plaglocl ase ,
bed'!i and layer'!i of coa r s e

mica poor metawacke
qu a rtz and feldspar rich, with coarse
less mica than other Jlthic types.

m

bloti te

q

massive "quartzite"
primarily quartz and feldspar, little or no mica.

gm

grey green laminated metawacke
well
laminated or foliated,
biotlte porphyr oblasts.

gfey

porphyroblasts,

green In color, with coarse

Estimated Hodes or Hetawackes
f::oca ~ ~!!..'!

Sample
~tb1_g~~
lJudrl:z

l.lhi te Mic a

216
a

2 16
b

219

15
60

30
55
5

30
10
tr
<t5
3
7

.7 '

Chlorite
P lagiaclase
Garnet

2

I
2

Biotite
Gr a phite
Opaques
Cdrbunate
Epidote

2191]

<t5

Hodes a re mineral percent a ges .
tr = trace percentage ob'!ierved
dash 1-1
mineral not: observed

=

<t5
tr
2

5
2

tr
tr
tr

HAFIC SCHISTS

In general, the ma ric schi'!it'!i are green t:o dark green In color and a re mare
r esistant to stream erosion than the metawacke,;.
Geochemical work done on
s ome of these marlc schists !Gavigan 19861 has Identified them as Type A
metabasalts ICoish and others 19851 which were formed during the Initial
stages of continental rifting prior to the formation of lapetus lprotoAtlantlcl. The exposures of mafic schist are each relatively distinct in
a ppearance; Important characteristics are noted below by location ILoc.I
number.

Loe. 216Z fine grained.
Loe. 217 coarse ta very caar'!ie grained, amphibale rich layer at upper
contact.
Loe. 21BA well laminated or foliated. Similar to maflc schist at Loe. 221.
Loe. 21BB coarse grained, mas~lve, grain ~ize fine~ toward lower contact.
Loe. 220 coarse grained, with a 2-3 Inch thick "quartzite .. bed, very
amphibole rich.
laminated or foliated, very amphibale
Loe. 221 very coarse grained, well
rich, with ~mall pads of ca r bonate(?) material. Similar ta mafic
schist at Loe. 21BA.
Loe. 222 "lumpy" texture, with small pods of carbonatel11 material.

Estimated Modes of Maflc Schists
!,.g_cat ion
Sample

217
a

217
b

<to
3
5

30

21EJA 21BA 21BA 21BA
d
a
b
c

220

~i_!!IT;tl

lluartz
Plagioclase
Epidote
Garnet
Amphibole
Chlorl te
Biotite
Carbonate
Opaques
Made~

are mineral

10

<to

35

10
2

25
tr

percentage~.

10
10
2
tr
60
10
tr
5
3

15
35
tr
2
15
30
tr

27
I
5
60
3
3

27
2B
3
tr
25
10
2
I

20
5

70
tr

3

tr = trace percentage observed
mineral not ab~erved
dash 1-1

=
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Figure 15
Crass section of the Cata Brook sequence looking north .
The sequence consists of stratigraphically coherent
metawackes and mafic schists of the Haosac <Pinnacle!
Formation which are bounded by thrust zones (pre-peak
metamorphism,
locations approximate! and surrounded by
lithalagies of the Underhill Formation (not shawvl.
Cuntacts, where exposed, are sharp, generally parallel
Liie foliation,
and may be isaclinally folded.
The
synform <Fn+l age> shown in the sequence is based upon
changes in the orientation of the dominant schistasity
<Snl.
The geometry of the bounding fault zones is
unclear. Three possibilities far this geometry are:
11 Both the eastern and western thrust zones are
structurally upright and merge above and below the Cata
Brook sequence to form a sliver of the Hoosac in the
Underh i 11. 21 The western thrust zone is overturned and
continuous with the eastern thrust zone.
The thrust

zone is isoclinally folded <Fn agel and closes above th e
Cota Brook sequence at the hinge of an antiform. An
erosional window through the Underhill e xp oses the
•~osac.
31 The eastern thrust zone is overturned and
continuous with the western thrust zone. The thrust zone
is isoclinally folded <Fn agel and closes below the Co ta
Brook sequence at th e hinge of a s ynform . A klipp e of
the Hoosac rests on the Underhill.
In al l three
variations, the thrust movemen t sens e is eas t over wes t
for both the eastern
and
western
thrust zones.
Elevation of location (Lac.I 2 16 is 1390 feet above sea
level; Lac. 223 is
at
1350
feet.
No vertical
exaggeration.
Lithic
designators:
lm laminated
metawacke, m - mica poor metawacke,
q mass iv e
"quartzitew, gm grey green metawacke, ms - mafic
schist. For more information, see text.
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Outcrop sketch , geologic map and cross section of the Fire Road Faul t Zone . Longi t udina l
prdfile view in outcrop sketch is looking east. Long, heavy line represents an interpreted
syn- to post-metamorphic fault contact between black carbonaceous schist of Hazens Notch
Formation CC2hnc> and chloritoid-white mica Mt. Abraham Schist CC2al Cat this location, rust y
weathering>.
T = toward; A =away.
The large, milky quartz vein postdates the dominant
folding but is cut by discontinous post-metamorphic faults which bear slivers of the
carbonaceous schist.
The moderately east-dipping, dominant schistosity and east-wes t
trending mineral lineations are symbolized on the geologic map.
Cross section shows
interpretation of east over west sense of motion for this reactivated fault zone .
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B- 8
These observations suggest a history of repeated deformation and
metamorphism at this fault zone. Early faulting of the carbonaceous and rusty
schists was followed by
folding and
truncation along
faults during
kyanite-grade metamorphism.
The dominant folds were intruded by the quartz
vein, which was displaced over the schists and cut by
late <post-metamorphic>
faults.
A similar fault
zone between the carbonaceous schist and the
U11derhill Formation occurs in an area called the Nettle Brook Fault Zone
(shown on the location map l .
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THE PRE-SILURIAN HINTERLAND ALONG THE VALLEYS OF THE WHITE AND MAD
RIVERS, CENTRAL VERMONT
By
Rolfe S. Stanley, Tho1nas Armstrong, Jerome Kraus , Gregory
Jeffery Prewitt, Christine Kimball, and Athene Cua
University of Vermont
Burlington, Vermont
05401

wa 1 s h ,

ITINERARY
Meeting Place: The General Store in Warren Village just east of the
junction of Route 100 and the Lincqln Gap Road.
Warren can be
reached from Northfield by traveling south on Route 12a to Roxbury.
T~rn west on the Roxbury Gap Road and follow the signs on the west
side of the Northfield Mountain to Warren.
For those that happen
to arrive late, the field trip will be along Route 100 for most of
the day.
We will begin to the south near Hancock and gradually
work our way northward to Waitsfield.
Departure time 8:30 AM.
Please
read
the
introductory part of this paper entitled
Transect through the Pre-Silurian rocks of Central Vermont".

"A

GEOLOGY UF HIE GRANVILLE-HANCOCK AREA, CENTRAL VEHMUNT
by
Thomas R. Armstrong
lhe b1'1.Jr-ock geology of the Granville-llancock area was first mappetl lty Usherg
(1952> at the scale of 1:62,500. The contacts behir'r!n the majm- units 1-1en?
interpreted as tlepositional due to the intercalation of litl10loyies illor1g
contact zones, and the lack of sha1·p boundaries hetween many im·mations.
Us!Jery interpreted
the eash1ardly
dipping stratigrapl1y as a coherent
tlepos i ti nr1a l sequence young i nq to
the east, consist i nq of th1-! t1011as tery,
GranvillP., Pinney Hollow,
Uttauquechee,
and Stowe Formations. Several or
these formations cm1lain minm· lilhologies which a1·e simila1· m- identical
across str-ike. For example, carbonaceous schist which is shown on tl1e VP.rmo11t
state map as a member of lhe Pinney Hollow Fm-mation, was mapped by (lsbenJ as
thP. Ultauquechee Formation.
·1he present detailetl mapping of this region has
clr.a.-ly tlemor1str·atetl the similar-ity of this unit to the black schist of the
Uttauqtmcl1ee Formation and is thus in ayreement with Osbery's interpr·etation.
l:lased mi lhe dislrihution of the Utlauqut!t:hee and Stowe For-millions, am.I tile
green!;tones 1-1ithin the Pinney Hollow Formation, Osberg i11tmp1·eled the
structure as consisting of a se1-ies of west-verging, overturned folds.
These
fa lds were believed tu be responsible for deforming the stratigraphy into the
map pattern dnminaletl by large scale folds.
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New m0111p11u1 .il lhe s cale ur 1:12,000 has d1:?mm 1str· atecJ tl 1P l: ecl: m1 i t n;1l w e u l
CU!tlrlcl s lielwePn t.he ~1t. f\l.Jraham, llazens Notc h , Pim u'y llull o w, l.ltl au q111!L lt L•e ,
.ind Sllll·IP Fu1m.1liu11s.
Many of lhe yr·i'lcJationaJ cunli1cts m.:l pp P.d l.J y ll s hPrq olll'
now inler pt elecl as e.:i1· ly - metamorphic thrust faults ( laldt~ 1) .
llt use llu 11 s t s
ah·1;:ir·· app1.><H"
Lu
juxtaposP c.liscr·eel
litholugies uf di f fpre nt f nrm.=i l1u11i_...
raull
<'llllE'
fal.Jr·ics are ahse11l c.lue
tu annealinq
c.l rn itHJ
lilcu ni a n p !?a k
metamorphir,m.
lhe
tectonic
nalur·e of tl u ?se Sl!l"f.1ces,
h ow1~vl! 1 ,
Li3 11 h e
c.IP-mu11sl1 atecJ lly the lithic ti·u11catiu11 of vario u s u11its ill Clll!J llt P5 1? 1. m1l a ct s .
(lite Ha11cock ancJ CJrackett t1eml.J ers ul
1.Js lt er ql ilre ~; huwn
lhL• yrL'Pn•;tm1es
trunc.alP.c.I alung ea1·ly - melamurphic cuntacls
i11 n u me 1·uus
luca l ities.
Wi ll111ut
c.lt:?lililPd mapµi11y uf
this l)eumelry,
it would t11.? impussil.Jle Lu Lli s lirHJUi~;h
lector1i1. 1.untacts from cJeµusitiur1al l.Juur1c.la1·ies ..
lire silvL'ry-yr1?en quartz-ser· icite-chlurite-a'lbite schist and all1ilP-upidntr> dtlu1· iL1? · Lalcite yreenslm11? of the Pinney Hollow For mation ace d t> mu11 s l1 ably
overlain l.Jy
the car l.Jor1ace?m1s albi lie schists or the Haz 1m s No t.c it Furm.itinn
(mo1·e Lurr·ectly called "Gr·anville")
which i n t ur n,
are o v e 1 lrlin l.Jy lhe
graphilit ulilL:k phyllite,
lllack quartzite,
a n cJ quartz n se !;c h i •; t of th!?
Ultauqul!Lltee Fo1·mati11n.
Uulh of these contacts a r·e ea1· ly- metamorµlti c lhn1st~;,
shu"m uy l11e map scale truncation of upper ancJ l o wer plate li tl1uluq i Ps .
Jn
some i11slances,
lite Uttauquecl1ee thrust slice lies cJireL tly a l.Jov e
the
slructur...illy luwest Pinney Hollow Formation,
with
th e Hazens Nul:c h tlffust
slice .::ilisPnt.
lhis n.>latiunship suygests t ha t
after e mplacr:~menl
lite
ca1l.Jun.1ceuus schist of lite 11.:izens Mutch
<Granvil l e ) a n d P inne y Hollow slices
we1 e c.le r ormecJ µr i or
to
tile emp 1acement u f
t l1 e 0 t tauqu ecl 1e e s 1 i c e.
Hti s
qeumelcy occurs in l.Joth the eastern and ~1 es t ern µ;i r ts o f
th is a rea ,
a nd thus
r·ules nut a simple stralig1·aphic cli ml.J of the Ot ta u q uec h ee slice oJ lnny a r·amp
tl11ough Liiv llazens Notch and Pinney Ho llow slices .
!:ier pen t inite Lrndies, founcJ
wilhin
the c;ffuonaceous Hdzens Nolch ancJ Ut tau quech ee Fu rma liuns ,
we re
emp 1 acE'c.I e i thP.r c.lur i ng this phase of thrust i ny or art ear 1 i e r· µh ase <1ssu c i a tee.I
\'1ith lite c.leveloµment uf an accretionary wee.l ye <S t a n le y a nd Ra t c liff e , 1'1U5).
Muny of tl1ese hlldies ~1ere also
incurpm· at e cJ
i n subseque nt ·1a conian synmetamuqJhic thrusts.

Fol lm1i11y
the c.leveloµ ment of
the ear-l y - metamm-ph ic tl11 us l s <me.I s ynll11 unous
with Tacnnian metamorphis m was
l h e for mat i o n of
the
fir s t
pha:.p of synmetamurpltic folc.l s
<Fn-1 ) and asso ciat ecJ a xia l plane s c histosi ty <Sn - 1). This
phase is preservecJ exclusively a s
r el ict f old h i nyes ancJ scl1islosity,
transpus1!c.I and sheared along a
sec uncJ syn- metamm· phi c
schistosity <Snl.
Infrequently , Fn-1 a r·e e xposed in str uctures r·e f olcJecJ lly
the seconcJ phase uf
syn- melamorphic fo ld s
<Fnl ancJ associatecJ ax ia l
plane schi s lo s ity <Sn) (see
Stop 17l .
lhe trans pos i ti o n ancJ refo l d iny o f F n-1 and Sn- 1 is frequently seen
al the mi cr osco p ic s c a l e.
lhe sec o nd p hase s yn -met a mo rp h ic schisto si ty
<Sn>
is t he c.luminant fabr· ic
\'1ithin this regi o n, wi th a n av era u 1~ trencJ of NOSE, 65SE.
This schistosity is
axial plana r lo the s ec ond p h a s e o f s yn-metamor-phic folds <Fnl.
lite hinges of
Fn "'itltin l he sc hi ~;ts a r e or-i e nted p a r·a llel, and sull parall e l, to the c.lominant
mineral l ineati o n <Ln) which r akes st eeply c.lown the plane o f S n (altu11t U5 from
lrnlh lite so u th and no rth s t rike lines ) .
Some hinyes are shallo\'1er,
amJ al a
c.on s icJe1·aLtl e a n y l e
lo lite mine1·al li nea ti o n.
The ar ·c uate natur·e of these Fn
hinLJes ~;uq g es ts th at F n are sheath fo lds, although only a te\'1 cJ e munslr·able
cl o sures Cil n be s e e n
in the fi e l cJ .
Hinge orientations wi t hin the mur-e
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cnrnpell?11t 1Jree11stones and quartzites are consistently at high a11qles to the
mineral li11eation.
Fn folds developed within these units we1-e mure 1esistent
tn rntiltinn during this hi<jll shear strain event,
and thus TIP.Ver formed into
shP.ath configu1ation, IJut rathe1·
into inclined,
isoclinal folds <Armslto11g,
19£1'7; t<r-aus, 19fl7>. This phase of deformation is primarily r·esponsillle ror
the m.Jp pattern geometry which shows the ea1-ly-111E>tamorphii: thrusts IJeing
deformP.cJ into isolated, infolded klippe.
This interpretation is ver· y similar
to tile i11fnld model of Osber<J
(1952) except
that
tile contacts are 11uw
i11terpretell as faults.
lhe fir·st phase of syn-metamorphic thrust faults (STn) developed cnaxial to Sil
and sheared out both Fn-1 and Fn structures, producing a pervasive mylor1i tic
fabric.
Kinematic indicator·s,
~;uch
as asymmet1-ic porphyroc..lasts, ru-esslne
shadow:;, r-otatecl porphyrolJlasts, and C-S fabric consistently display an eastover-.-1est sens£> of motion. ·these faults displace the sheath fold klippe,
juxtaposing both similar and different
lithologies.
"fhe magnitude of
displacement along Sfn was much less
than that along the early-metrimorphic
faults which always juxtapose different l i thologies. ST11 Taults are further
demonstrated l.Jy map scale lithic truncations, many of which include the
greenstonr?s \-1ithin the Pim1ey Hollow and Stowe Formations.
Many of these
faults alsu contain tectonic slivers of rock-types foreign
to eilhr~r· of the
adjilcent plates.
A th ii-cl phase of syn-metamorphic deformation occu1-r-ed coaxial lo lite second
phase, and inclucles east-over-west asymmetr-ic folds,
a
lucal axial plane
schistusity, and several
coplanar
tlll"ust faults.
fl progression in the
lleve_loprnl?nt of this phase of schistosily (Sn+l) can be recognizecl where the
associated asymmetric folds CFn+l) are pervasive.
In these locatio11s Snl-1 is
tl1e uorni11ant fabric, shearing out Fn folds ancl folding Sn into Fn+l.
In a few
locations, Sn+l strain produces a second phase of syn-metamm phic faults
(Sfn+l >.
Kinematic
indicators,
identical
to
those found
along Sfn,
c:.m1siste11lly sllow east-ove1 -west motion along STnt-1.
This phcise of deformation is considered a continuum of the seccmd phac;e, to
which it is coplanar.
The development of Fnt-l, (and possibly Fn> a1e most
likely r·elated to strain hardenimJ during the development of Sn and Sn+l.
Sln
and Sfn+l may n~present per·iods of
strain softening,
the r·esult of
mineralogical n.lteration by a fluid phase during contemporanC?ous retrograde
metamoq1hism.
Late staqe,
late-metamorphic upr-ight,
npen folds
<Fn~·2)
deform the sy11metamorf1hic
fi.lbrics and may be related to either late Taconiall or Acadian
defo1matiu11. Late and post-metamorphic faults,
producing pervasive sheared,
brittle fabric,
probably developed during, a11d subsequent to Fn+2. Ser1se of
motion along these faults has not been determined.
It appears, hnwever·, tllat
they or:cur as r-eactivated faults along older syn-me·tamorphic thrusts.
A cu1rent working hypothesis suggests that
the Pinney Hollow, Stowe, and 11t.
Al.Jrallam Formatiuns, along with the white albitic schist member of the Hazens
Notch Formatio11,
developE~d
as a continuous elastic seriuence within a rift
basin durirtg the opening of
Iapetus (fig. 6). The OttauquechP.E.' For·mation,
separating the westerly Pin11ey Hollow Formation from the easterly Stowe
For-mation,
is interpreted as a
lar-ge pre- or early-metamorphic klippe
structu1ally over-lying the continuous former units.
The Stowe Formation is
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t'1 E? r e l11tl'
inLt•rprel e d ilS ilrr e a s L..lintl r.u11L1nuaticlll of
t ill"? l'i11111 ~y llullnw
Fo rmali1111 .
Thi s i s
ba s vrl upon
lhe s imilarity helw1~ P. n ll1E1 q11 .ir· l. z-s 1: 1 iciLP ·r hlnr iL r - ,1llnLL? sc hi s t s a ml allliLe -epitlnte- Lhlor· ite- cillciLP rm ?ta - iyrn~u11s lllrit s
in both f1ll"mt1lion •.; .
!hi s i s al s u in .i!Jn~emenl wilh
the r · ilrl~ ea1 llr .irrll L1· .1r. P.
r? IPmL' lll. qr11Llre111i c ill
tlaLa ur
Cuish arnl ulhers (l'lU'.1,
l'Jll(,) ..,h iL lr pli!Ll ?O. thL'
S L01~ e Llull1) ili c CJr ee n s lnru:-~; in iln i~Ja111J ,1n:. / l'll JIW vnvi1m 1mc.> 11L, <1 n1 .I Llr L• l'i1111Py
ll u llm1 all:ali111?
ba s illt s
within
au intraplate
sett inlJ.
Ilic? pres l.>nt
in l er p1 v t.1Liun woultl tl e ri c t Lil e Slowl? yr·ee11slunes
rormi11q as mill ic I low s i111tl
l11fl s 1-1ill1in lliyhly atl e nrr a tl?d continental crust (beta"' 5.0), and LhP Pinney
llullow 111 1? Li1 - i411~.>ous unit s wiLhi11
thiLker,
111c11·v weste1· ly ,
cur1lirw11l.1l cn1sl
(b1?t a .... l! . ::J ) ~1'1l.'r e a ss imi latiu11 .,multi occur mor·e r·eatli ly.
l h e p 1 e:.e11t
i11t er p re li1lirrn tlepi c ls the Utlauqued1ee Fm maliu 11 as fmrnirry
1-1itlli 11 .1 11 a cc r·e tiu11a r y .,,e tly e
environment.
lhe numL'r·ous quar l 2use, alhitic,
u ntl s andy
litholugiL's cuultl b e irn.: urpor·atetl
folluwiny subtluctiu 11 or va1·ious
e la s ti c seyue11r.P.s, ilnll lh e ir s ub s equent accretion i11lu the ~rr:?tl!JP..
!ilivers ur
u cearr 1.1 u s l
<al lei etl
tu ser penlini tel
would also be incoq1ur rltecl i11to the
~I L'lllJ L'.
lh L' blil c k phyllitL> ur
llrl? Uttauquechee For mat ion,
compr isinq Lile
majorit y o f
the •~etlye,
would he the actual corn:>lativt? seq1w111.P. for · Lile
laco11i c
lilholoqies.
llrl' black quartzites may have been tt?ctucricalt'y
lhicl:Pne tl !lu1 i11y
lheir· acer etio11,
r e1J1"ese11t pa1 t of Lil e c l.isti r. seq11e11ce
i11corpur -al v d i11to tire wetlge, nr u llt?pusit shetl
rrum a11 e ntir e.ly different
s ou r c e , ln Lile nur · th ur po ss ibly the east.
ll1 e c:,1r 1Jn11.1ceuus schist s
of
the llazens Notch FurmLltir111 .. mulcl r· rpr ese11l il
s equen t: !! tlerivetl from the accretiunar ·y µrism.
Mu c h uf
ll11? sa11rly albitiL
scllist t-ii thin
the Ullauquechee Formation is identical tu Lile al bi lie matrix
.,1itlri11 L11e lldZl?llS lfotclr carb011;:iLeous 1111its.
lh ese units, therefore, may he a11
u.maly,lf'1 ,1tiu11 uf lhe black [lhyllite ~rnd the inLorpurated santly schists, tlr!r·ivetl
dur in!J c...ubaer ial exposure of the w1~tlye.
lhis i11terpretation is in cluse
rllJrP.emP.111. .,,ith
that tlescrihetl by Stanley am! Hatcliff e
<1'185).
lhP Hazens
lfolch white albilic schist wuultl be rnor· e pr-upP.rly depictetl a s
a11 111Le1mr!lliate
facies hel.,1een the albitic schists and metawar.ke ur lhe lluus.1c Formation anti
tire mor · e easterly litlmloyies of the Pin11ey Hollow,
Ml. Abr·aham,
and Slowe
For mil t i o 11s .
STOP 12 - DEPOSITIONAL CONTACT BETWEEN THE SCHIST AND GREENSTUNE
MEMBERS OF THE PINNEY HOLLOW FORMATION
<Armstrong)- "lhis outcrop affur·tls 011e
of the fine st ~xamples of
the contact relationship between the qua1·tzchlori te-rnuscuvi te-albi te
schist
and
albite-epitlote-chlorite-calcite
greenst une members of
the Pinney Hollow Formation.
Due tu the lack uf a
pervasive, fault-relatetl schistosity, and the lack of lithic tru11calio11s, this
contact is
inte1·pretetl as tlepositio11al.
Mote the zone of alteratim1 uf lhe
schist along the contact.
lhis effect
is must
likely a result of fluid
a lteration tluri11y peak metamorphism, r atlre1· than a contact metnm1nphic l!fieLl
tlu1·i114 lleµosi tion of
the meta-igneous yreenstone.
Since m.rny or the
g1·ee11sl.om~s .,,i thi11
this ar·ea display planar cumrosi tional layt?r·s anti lLlminae
of albilP··quarLz and epitloL~-c:hlorite, their precursor may be ash, or '"'aterlain tuffs.
lire contact 1Jeb<1ee11 the schist a11tl yreenstu11e woultl therefore
represent a cunrurmab le, cuntempura11eous sequence,
possibJ y dC?posi tell
in a
r·ift basin .
G1 ee11stone is 1nesent at both e11tls uf Lile outcrop, 1 epr ese11li11g
the limbs of a large syn-metamorphic
fold
<Fnl
associatetl Nith
the axial
pl anar tlomina11t schistosity (!:in) seen al this exposur·e 1<Jitlri11 the schist.
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11eoc111cmical anlysis of similar greenstones .-iitllin the Pi11mo>y lloll111·1 Foim.1ti1111
by Coir,IJ, et. al (l'lU5l
yielded both alkali11e aml tholeitic cnmposilio11s,
produce:! 1-1ithi11 intra-plate and Mono enviro11ments respectively.
(\ cu11e11t 1·mrl:i11q hypotesis places the Pin11ey Hollow Formatio11 withi11 ii 1 ift
basin, distal
from
its western crato11ic suu1· ce r·egion,
upu11 very thin
cont i 11e11tal c1·ust Uk ms ti m1g, 1987). Iii ft 1·elated ig11eous n1cl:s ( •J.-r~e11s l.011es l
of bull!
tholeitic and alkaline affinity could be producer!
i11 such· arr
e11vir1111111e11t, •~here assirnil.:itiun with continental crust woulrl be minimum.
STOP 13 - Thatcher Brook Thrust (figs. 17, 18) <Armstrong and Kimball l - (\ 100
ft.
thicl: seriuence of carbonaceous albitic schist of
the llazerrs Notch
Formatiu11 is tecto11ically juxtaposed betwee11 allJite-clrlo1·ite-qu;:i1 lz ··se1· icite
schist uf the Pinney Hollm-1 Formation (fig. 17l.
lhe easte111 contact is a syn - metamo1·plric fault, displayi11g a t-1ell developed
rnylo11itic fabric,
amt tire l1u11catio11 of schist sequr~nces in the Pi1111E'y llnllmi
Fmmalin11.
Asymmeti·ic pmplryr·uclasts, 01·ie11ted 1·1ithi11 th(~ dumina.11t syn·
mt?tammphic schistusily
<Sn>, display east-over-west motion.
t1ic1ofabric
<malysis of c-s falrr ic,
r· utaled purphyroblasts,
asymmeti· ic r•essure shadows
<rnd 1111rphyroclasts, and rotated sr:histosity, .-iithin sy11-m1~tamorphic fault
zo111~s, Lm1sistently display tile s ame sense of motion,
and a1 ·e believed to be
localized zom::>s of intense strain development dur·ing Sn deformatio11.
lire
fault ?m1e fab1ic, at this locality,
is m·iented N07E, 65SE; simila1 to the
regional
Sn.
llle
fault
zone
is character·i7.ed
by the 11r·ogressive
i11te1.1sificatiu11 of Sn within the Pi1111ey Hollow schist lm·1a1· d the contact, a11d
hy il La11 1-1eatlrrffing mylo11itic quartzose schist within tire fault zone.
llris
fault (the lhatclre1· U1· ool: ll11ustl can Lie ti·aced both 11n1lh .:.111d ~;011th along
s tr i kP 1-1lre1 ·e
similar fault fabrics and tee tonic slivers of foreign rock·-types
t:a11 be I ound.
lhe ll1al.t.11e1 B1 ool: Thrust is defn1· med by a secondary phase ol sy11-111et.:1mm phic
<Firrt),
the larljest orde1
of which consistently display counterr:locl:wi~,e rotation.
Tire avp1 ·age 01 ientation of Fnl-1 is"" 1~2t1E, 30° (firJ.lEl).
f\xial
plam~
orientations fur
this phase are similar
tu
the undeformed
or·ie11t.1ti1ms of S11 within this locality.
This secornlary fold phase is
tlrerefon·' believed to be a µ1·oduct of one syn-rnetamo1·plric deformational event,
wlricli pt 11duced the dominant schistosi ty and the pt imar·y phase of folds (Fnl.
SPver-.11 syn-metamorphic faults within this region truncatl~ Fnl-1, having a
fault zu11!! fabric orie11ted similar to the F11+l axial pla11e si:histosity <Sntll.
lhe pr?r vas i ve11ess of SnH increases towar·d the fau 1 t zo1m where 1111 l y 1 imbs of
l!ar·lie1 Fnt-1 can be recognized within a very planar fabric.
This 1nu~1ressio11
of
frtb1·ic
intensity demonstr·ates
the relationship of Snt-1 a11d many syn111elamurphic faults wi thirr this r egiu11.
Irr ma11y a1 eas Sn and S11H
form a
composite sclristosity, .-1ith Snf-1 actually being
tire continuiltiorr of Sn
def ormd ti orr.
fold~

Ille 1K•ste1n cu11tact is nut ma1ked by a strong fault
fabric .i.11d does nut
1?xlrihit <1ny 111ylonitization.
Some small Fn folds within thi11 quartzitt~s of the
Haze11s Notch Fm·matio11 a1 e sheared out along Sn;
this is a cummun feature
11ithi11 thE'se highly strained rocks, but
is not indicative of a major synmetamu1pllic fault zone. ·1he contact, inte1·p1eted as pr·e-metamm·pllic, has been
highly a 1 tr.red during subsequent peak l aconian metamorphism.
Kinematic
i111lir:atur·s are absent.
Fault nmtio11 is ge11erally interpreted as bei11g east to
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TltATCllEn DROOK Trtnusr
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Fi gure 17

IJeL1ilecJ
geo l ogic
m<Jp
of
L11e
Tl1atcl1er
Brook
Thr· ust, a sy11mr?tan1orph i c
faul t
(e as t ern
co n tact),
and
an
ea1 · lier
pr·e111E'ta11101· pliic
fau l t
(t·Jes t ern
co nt act).
CZpli - qu a rt2-chlorite-se1 i.r:i Le-all.Ji t e sch i s t o f
t l1e
Pinney
1-lol low
Fo1· 111at.ionj 1.: Z h11c g1·aplii Lic
quart2- se 1· ici t e - albite-chlorite
schist
of tile ll a ;:e11s
l·latcli For ma t ion .
lhe p r e-m e tamorphic
contact
does
11ot
have a
du e to annealing dur·ing subsequent laconiari
f a ult - relate d fa br·l. c
me tamu1 · µl ii s111.
T his c ontact is interpreted as a tlrrust faull f1om
1·e l .:t ti. u11 sh j p s fou11d
al 011g this
sarne contact sequence, i~he1· e llie
ti· u 11cati un o f s e ve1 · al g1· eensto11es of the
Pinney llollo1t1 Fo1· ni."llion
occu1.
lhe
s yn- met;:i.rn or pllic
thrust
displays a 1t1ell developed
rnylD11i.tic f au l t zo n e
fab1· ic.
Asymmetric
porphyroclasts along
Lllic
contac t
sl 1 0~-1
east -o ver-1t1est
motion.
A small sequenc!? of
Pi1111r_'y 1-lo ll o w schist is
ti· uncated along
this contact, eviLlenced
by \.1 1!?
rn e 1· yence of
a srnal J
g1· eenstone body
<within tl1e f'in11E'y
ll o lln~-11 a11ci
lhr? -faul t
co11l:act towa1·ds
tl1e southern
end or l11e
o u tL1 op.
Bo th
f a ul t e;
a r· e
folded
by the third pl1ase of sy11me tan101·p hic -folds <Fn + l l, pervasive throughout this exposu1 · e.

319

C- 6

lllATCllER BROOK
Fn 1 FOLDS
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Figure 18

Equal ar-e~a net projection of poles
to the dominant schistosity
<Sn> and Fn+l folds at lhatcher 81-ook.
Sn is folded by Fn+l at
this locality,
forming a
girdle around a best-fit great circle
the pole to which is oriented M21E,
18.
This orientation is
shm~n as
the cross within the Fn+l fold
hinge net.
lhP. open
circle denotes the average orientation of Fn+l at
this locality.
Arrows indicate
the sense of asymmetry.
The circle with the dot
indicates the average o~ientation of undeformed Fn+l aHial planes
(Sn+l> oriented N06E, 67 SE.
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.-1es l ( ~ll.rn 1ey illlcl U.i Le l if re'
1 ·m~tl .
Di•; ti llC ti VI~ quolr l z i le lt e d~; l·l l LI l i ll Lii v
ca11Ju11aceous schisl: are p.:u·a llel Lu Sn.
lite distance 1Jelw12m1 LIH!Sc? qtt il t t zi t Ps
and lltr> pre - rnPlammphrc cn11Lact
is variable alu ny strike, d 1!mmtslta l i riq Lit e
early lr-r.lc111rc nature of this contact.
lite leclonic c h a 1·acl1:-1· ur L1 1is c. m1l ac t
rs alsn recl1u11rzvll Lu th!? nor lh ;i.rnl suulh 1-1here lilhic Lru11catiu11s, pr·i ma1·i ly
of y11?!!11s lo111!s 1~i thin lhP Pinney llcll low Formaliort, an? Jll"ese n l 1-1i L11 u11 L f a ul l
7urte fal11 ic.
llm •1ssociated fault zo ne ft1lnic of pre - meta rnnt pll ic f a nl ts 1-1as
ul.Jliter·a led d1H"iny peak Tacunian metammphism, coeva l wi th ll ie ll l'! v e lnprne nl or
Lite dnmi11a11t ~>Lhrslusity (Snl.
lite carhu n ac1!ous sc h is t uf t h e ll aze ns Notch
Furn1alio11 is i11te1pretet.1 as s lruclurally overlying the P r mrcy llullo w ru 1m.Jlion
ahove Ll1i•• pre-meL.:imurphic fault.
lhis inleqJr"etatiu11 stems l'nJ 111 n b~:;e1· valiu11 s
al ulhc~I IULalilies wrlhrn lite n~giu11.
lite westent con t act
rs also t.l~? ·fo1n1P.d
IJy tile 1a Ler Fnq.
Small •;hea1
bands c:utti114 across Sn and Fnl-1 are l it e y o 1mges t de f or ma licrnal
fP.aturc s luurit.I within this exposure. ln some cases la t·ge ill ll ite pur phyn11Jla s ts
ant.I pyrite c111Jes overgrow the s hear· IJant.I foliation, demu 11s t ra li11q a s y11 metamorplti c t.levelopmer1L.
Ille fuliatiun is parallel Lo F11+1 a x ial planes and
appears Lu r eµr·esent the i11r lial llevelopme11L of a sec ond sc h is t o~;i .Ly <S111-l l.
lltrs S111l sL11istusily rs exclusively fount.I as a
loca l fcrlJr i c
i n ass uciatiur1
with a Sl?Ulltd pl1ase of syn-n1etamo1phic faults <ST11+l l .
Uot.:ili un of S 11 Lty Srit, l
cnnsislenlly shows east-over-1-1est motion.
Kinematic
iml ica lu rs a lun~J Sin+)
faults (illentical
Lu those found along Slnl alsu give a consis t e nt eas t-ove1·1-11:>s l sPn c:. E' of motrun.
lhis third phase uf syn-metamo rp h ic d e f ur ma linn ,:i ppeat·s
Lo I.Jc ii cu11 tinuum uf l.lte secunt.I pitas!? with F ri +l fold s u cr: ur.. inq in s li ain
hardened zones 1-1illtin recJiu ns of continuet.I cu mpressi un a nt.I sec omla1· y fault
t.levelupmenl
(f'\t·msbu11g,
1987; Kr·aus,
1987; Ki mlJa ll, 1987; Ua t cl il f e , 1987,
pers. cumm.l.
Ille evulutiu11 uf

this expusur·e can IJe su mma1·i:zed;

1.
lite development of pre-retrograde meta morphic t h r u s t sl i ces 1-1'1rch ah1ays
JUXLapus1? disueet
lithuloyres, usually fro m diffe rent t ec tu11 ic P11vr r· o111ne 11ts.
lite car1Jor1aceous schist of
the Maze11s No tch For mati on llwust e il s t
tn west
over Lile Pi1111ey Hollow Fo1·maliun. lite wes t en 1 con ta c t was f cJl'mr?d tl111"r11g this
event.

2.
lite onset of l,:icunran
retrogr ade me ta mo q1h ism
~·1illl
as so c iatet.I
delormillional
events proclucing an ea rl y s c histosity <Sn - ll and associated
folds (F11 - ll present as relict fuld hing es and transp osed fuli a lio11 within lhe
t.lominilnl schistosity (Sn) ant.I associated shea th fo lds.
3.
Uevlo'lopment of the fit -st phase uf syn-metamm ·phic f.:iult s almtlj zones of
intense? shearing within Sn.
Movement 1-1as consistently e ast - ovpr-west,
incurriny lhe
juxtaposition uf b ut h t.liscreet and similat· litholuqies.
lliis
phase prnt.lucet.I the eastern contac t wh ich t r uncated the ear· lier pre - metamorphic
s t ru c ture
4.
Continued defurmaliun tff oduc ing secondary folds <Fn ·l-1), .:mcJ assnc i a tell
'lhis event rs
Sn+l in many
lo c alities where d efo rmation was intense.
1 esponsil:Jle for th e folding of both contacts at this locality.
5.
IJeveloµment of the second ph ase o f syn-metamorphic faults alo11g zones ctf
i11l e 11se Sn+l t.levelopment.
Mov ement was co11sistently east-ove1--west in a
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t11a11rn?1 ~.;imilar
tu the first. phase of faultiny.
Although 11ot pr E?'i l' llt al this
loc.:ality, lhis event is observed throughout the region.
STOP l't - SYN-METAMORPHIC THRUST BETWEEN THE PINNEY llOLLDW SCIHSf
ANU GREENSTUNE MEMBERS (fig.
19)
<Armstrong)
- two greenstu11e lrnt.lies Lltl!
separalr?tl IJy ii thin lla11d of quar-t:z-cltlorite-muscovite-albite sd1isl. (fiq. l'J>.
lhF! sr.:l1ist displays a ~1ell
developed
fault zone scllistosity am.I has llc:e11
alterc:d tu a tan, quartz-feldspar mylonite in many localities. lltis schistose
mylonite is diagnostic uf many sy11-metamm-phic fault zones tl11nu4lmut Lhis
r-eyio11.
Kinematic indicatu1-s, such as asymmetric porphyrnclasts, C-5 falffic,
and roL1led pot pllyrohlasts, consiste11tly show east over Wt.!st displacement
along tllr?se sy11-metamorphic tlt1·usts.
lhe maµ patte1 n of the eastent gree11sto11e body displays eilst ovr>r 1-1est
asymmc-?l.r it:, syn- metumorphic
fold!:; <Fn>
which have .:111 assuciiltPd ;1xial pL111e
:.cltistusil:y. F11 folds within the sc.:hists of
the study an•a a1e ~•lteallt-like,
1-iitlt ltitHft~s
that plnnge at steep angles down the plane of tire Sn !.ichist11sity.
lite folds 1-1ithi11 lite gree?11st011es vary from 1-ecli11ed to i11cli11el1, isocli11al
folds.
\Ja1· iation in fold geometry
is directly related to tlte cu111pete11cy of
lite litltoloqies involved.
lhe Lomµetent greenstones at ·e mtir-e tesistenl to the
simple shear
mechanism responsillle for sheath development i11 tltP pel i tic
assemblayes 1oJitlti11 this 1eyio11. Fn fold axes within the greF!11sl.011es have
u11den1om!
le~;s
physical 1·utation and ar·e not or· iented parallel
to tile
elo11gatiu11 mi11eral li11eati011 as are the hinges of
the pelitic sltt?ath folds.
lhe ea~;t over ~1est asymmet1 ·y of
the minor
folds indicates that tile Pilster11
gt·ee11stnrn? body is on lite 1-1esten1 limll of a synform.
Tile closu1e of
this F11
fold Cilll lie traced
tuwanl the nortln-1est where it is truncated alon~t lltr.• synmetamoq1ltic fault aµproximately 275 -feet tu the 11orllt of Allhee B1 auk b1·idqe
(fig. 19; pt. A>.
l he wes lPt 11 !JrE!ens tone body is see11 i 11 conta1:t with the fa11l t :zo11e schist
alun4 tile ru.-ill, directly south of the bridge (fig. 19; pt. ll>.
fhe ~Jreeustnne
apµears
to he continuous,
and has been mapped i 11 i1 l ai qe i soc l i 11a l fold
directly .-1est uf
this
loccdity.
lite greens tune does not appear
to he
ti-um:ate?d, but only mildly deformed by the adjacent thrust Fault.
lite t1·1t1 yrec~nstones are separated by a thin band of schist tl1ilt displays a
pe1-vilsive filult zone fabric.
A quartzose, tan weathering mylonitic schist is
found '"Ii thin this zone at many of the schist outcrops (pt. C, io1· example).
f1ic1 ol;ib1-ic a11alyses of C-S fab1·ic, aitd asymmetric pnrphroclasts aml fll"C?Ssure
:.ltildow;,
alnnlJ
syn-metamorphic faults 1 consistently slto~1 c?ast
to west
displar.:emf!nt.
t"he displacement along the sy11-- metamo1-phic faults must lie mnch
less th;:i11 that alon~J the pr-e-metamorphic thrusts since tltey juxtripose similar,
as well as discteet lithologies.
The fault zorn-~ schist is c.:011ti11uuus ove1- the entit-e le11gth of this suite of
outcrops,
amt can be t r-acr~d
tu
the nor tit where the ~1es tern !J.-C-'e11s tone is
abruptly ttu11cated (""2500 ft 11ur·th), and on into Granville Gulf.
(\ tan w~atheri11g schist is also fuund
immediately snutheust of the lH"idge
alo11g the folded easte.-r1 edge of
the eastern g1-eenstone (fig.
t?; pt. D>.
this sr:ltist, although nut a fault zone, does display a per·vasive fal11·ic ~11tic.:h
ct-oss-u1ls lite F11 fold gc~umetr·y.
This falH"ic
is most likely tlw 1esult uf
large lucalizell strai11,
whicl1 1·mt1ld likely occur along
this contrast in
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Figur e 19

Detailed
and
regional
geologic
maps
of the Granville lhrust,
1 o c a t e LI i n Lo"' e 1- Gr an v i 1 l e , c e n tr a 1 Ver mo n t .
1 he
P i n n e y Ho 1 1 ow
slive1--·qreen
quar-tz-chlorite-sericite-albite
schist is stippled
in the detailed map.
The
Pinn ey Hollow albite-epidote·-c:ldoriteca 1 cite g1-eens tones a re unpa t terned.
The eastern greens tone body
is sepa1·ated from the larqer 1t1estern greenstone by the Fault zone
schist cont ai n ed
~-Ji thi n th e
Granville thrust.
The milp pattern
east - over-w est folds witl1in th e eastern greenstone
plunge to the
nortl1, and
are parasitic folds along the eastern limb of a large
antifo1- 111.
The folded greenstone
is
truncated
along
the -fault
over its
entire lengt h
and is terminated to the north at pt. A.
The 1t1estern greens tone body
is
also
truncated,
to
the north,
along thi s f ault as seen in the regional inset.
323

C-6
c.onirn~lem: y

Lml1men Lite 1·esista11l yn?e11slone amJ the pl iahlr. sc:ltist.

lltis lilrqr. ~cale sy11-metamurphic
thntsl: <the Granville lhrust Zunel is lhe
prima1y reatu11i that cunhuls
lite l~ltite IHvP-r Valley aml ur·.-mvillE' !j11lf.
I h 1yu i lllJ wn r k i1I1111y tltP. eas te1· 11 side or this valley, to the sou th nr~•ir 11.111c:o d:,
ltflS c.l1~1m111slt alee.I lite t1·uncaliun uf a la1·ye y1·ee11stone I.Judy ("" :1 km lu11q x :100
m ~•itlel
alu11g Llll a11cillilry thrust
r .. un rooli1ty· from Lltis ZUllP. Numerous
lilltic: lnmr:aliuns, leclunic slivers, anc.I fault
zone fahrir:s may lrn lum11I
alony l11~ eulit-e lern..Jlh of this zune.

Stop 15 - Granville Gulf - (fig. 20 and 21; map will be available
at conference) - (Stanley) - BE VERY CAREFUL AND STAY OFF THE ROAD
BECAUSE THIS IS A DANGEROUS CURVE ON ROUTE 100.
This stop is very
important because it shows the complex geology along the boundary
between the Pinney Hollow and the Ottauquechee Formations.
Here
the Pinney Hollow consists of silvery green chlorite - muscovite
albite
quartz schist interlayered depositionally with two belts
of mafic schist.
The eastern contact (fig. 20) is a synmetamorphic
fault in which the carbonaceous albitic schist of the Hazens Notch
(CZhca)
truncates
a
thin
lense
of
chlorite-rich
schist
with
brown-weathered material on the schistosity (mafic schist ?).
The
schistosity in the carbonaceous schist is so well developed and
closely spaced that it weathers very readily.
In thin section the
foliation wraps around albite porphyroblasts.
This "papery-schist"
fabric is characteristic of late metamorphic or post metamorphic
faults
and has been observed at several localities along
the
western boundary of the Ottauquechee Formation.
Note that the
foliation in the carbonaceous schist next to the slivery green
schist of the Pinney Hollow is more widely spaced and the rock is
more coherent.
This contact is a synmetamorphic fault because the
albite porphyroblasts grew across the foliation. Thus this zone is
one
that
has
a
compound
history
(table
1)
an
earlier
synmetamorphic
fault
that
was
reactivated
as
a
late
or
postmetamorphic fault.
Continuing eastward along
the
outcrop you will find a
tan
weathering schist with brown spots.
This rock is found along
several belts
in this
zone.
In thin section is consists of
fine-grained, well oriented muscovite and quartz. In sections cut
parallel to the lineation the foliation is planar.
Small grains of
muscovite and quartz, which are oriented at a small angle to the
dominant foliation, form a C-S fabric and indicate east-over-west
movement.
In sections cut perpendicular to
the lineation the
foliation anastomoses.
I consider these rocks to be mylonitic
schists
which
developed
from
the
Pinney
Hollow
schist
along
synmetamorphic faults.
Continuing eastward you will find another
mafic schist, then another belt of carbonaceous schist which passes
into
black
carbonaceous
schist
typical
of
the
Ottauquechee
Formation.
The fabric throughout th~s belt is well represented by
figure 21.
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Figure 21

STRUCTURAL FABRIC FROM 'l'llE GRANVILLE GULF AREA
Lower hemisphere equal area net showing the orientation
of 179 poles to the dominant schistosity (Sn), the
orientation of 90 elongate grains, grain clusters,
intersection
lineations
and quartz
rods,
and
the
orientation of 9 hinges of Fn folds.
The center of the
point maximum for the 30% contour interval corresponds
to a surface (Sn) striking N04E and dipping to the east
at 70 degrees. The corresponding point maximum for the
mineral lineation plunges 69 degrees along a trend of
S66E.
This
orientation
represents
the
transport
direction and it closely parallels the dip direction for
the dominant Sn surface.
Some
thin sections cut
parallel to this direction show asymmetrical fabrics
that indicate an east-over-west sense of movement.
See
the photographs of thin sections from the mylonitic
schist from the Ottauquechee fault zone at Granville
Gulf.
Note that all the observed Fn folds are oriented
close to this direction and therefore are reclined.
None of these folds have a sheath-fold shape.
Compare
this fabric with the fabric from Waitsfield where the Fn
folds have a more varied orientation.
The Fn folds in
these two diagrams suggest that Fn hinges are rotated
toward the transport direction as the Ottauquechee
thrust fault is approacl}~,d.
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We will discuss the map and several cross
alternative interpretations of the geo l ogy.

sec t i on s

th a t

off er

The belts of mafic schist are i mporta n t h ere b eca u se th e y hav e b ee n
geochemically
analyzed
by
Coish
and
Masi nt e r
(1 9 86).
Their
analyses of major elements and Y/Nb varia t i ons indi ca te that the
mafic schists were originally basalts of tran sition a l to thol e iitic
character.
The immobile trace element ab und a nce s s ug g e s t t h at t h ey
probably represent continental tholeiites t h a t e rupted thro u gh thin
continental or transitional crust (Masinte r , 1 986 ) .
Laird has a l so
studied the amphibole petrology and fo u n d b a rroisitic hornb l en d e
surrounded by actinolite (sample locality V14J of Laird and Al bee ,
1981; Laird and others, 1984; Laird this gu idebook ) .
Th e a mphibole
textures and compositions indicate that the s e rocks ha v e un der gone
two
metamorphic
events,
an
earlier
me diu m-hig h
p r e s sure
metamorphism represented by the barroisit ic cores a nd a lower
greenschist facies metamorphism represe nt e d by t h e a c t inol i t e rims.
Several samples of barroisite, one wi thin the mai n pa r t of the
mafic schist and another near a quartz ve in, gave 39 Ar /40A r a ges of
471 and 448.
In oriented thin sectio n s t h e a c t inolit e is oriented
parallel to the Sn schistosity.
Th e barr oisitic ho rn bl e nd e appears
to be flattened parallel to Sn a n d elongated p a r a llel to
the
mineral lineation.
Because the b arr oi s tic core has be e n partially
altered to actinolite, however, t h is r elati o ns may be deceptive.
There is a distinct possib i lity tha t th e barr oi s ite grew during the
formation of the older Sn-1 s c hi s t o s ity.
U- st a ge analysis has not
been done on these rocks.
We wi ll discuss t he s e implications as it
pertains to th e age of d ef o rmation and t h e fault classification
shown on Table 1.
Stop 16 - Str u c t u ral fab ri c i n t he Ottauque c hee Formation (figs. 22
an d 23) (Kraus) - NO HAMM ERS , PLEASE - Th i s stop is located just
eas t of Route 100 sou th of t he junction of Plunkton Road and Route
100 between Wa r ren and Granville Gulf.
The outcrop is on the south
s i d e of a s t ream that forms a s mall ravine and is approximately 30
m e a s t o f Route 1 00 (fig. 22).
Th e out cr op is located i n the quart z o s e schist member of the
Ott a uqu e ch ee Formation.
Other units in this formation are the
bl a ck phy l l ite and the bl a ck qu artzite members.
The black phyllite
i s gra ph i tic and i s c omp osed of quartz, muscovite, chlori te and
py rite.
Th e black quar t zite is graphitic, commonly contains veins
of wh ite qu a rtz, a nd is found in layers 2 cm to 30 m thick. The
wh ite quartzos e s ch ist is composed of sand-size quartz, muscovite,
ch l o rite and a lb i t e.
It places it contains thin interlayers of
graphitic phyl li t e .
A fe w bl u e quartz grains can be found at this
locality.
All th ree me mbers can be seen in the outcrops along the
stream.
Th e ma in featu r e a t
this stop is a spectacular fold-structure
exposed in t he quartzose schist.
Differential weathering has left
a re mar k a bl e display of tightly-folded layers, three foliations,
int e rs e cti on lineatio n s, slic k engrooves, mineral lineations, and
a ss oc ia t ed minor faults ( fig . 23).
PLEASE BE VERY CAREFUL AND DO
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NOT DISTURB THE FABRIC OR THE CURSE OF THE TR OL L WILL BE UP ON YOU!
The dominant schistosity, Sn, was for med i n th e rock during or near
the peak of metamorphism.
The S n surfaces a r e sp a c e d 1 t o 5 mm
apart.
An older Sn-1
schistosi t y ca n b e r e co g ni z ed in places
between the Sn surfaces.
A progression i n th e int e nsity of a third
schistosity, Sn+1, can be seen begi n ning a t t h e we s t end of the
outcrop and increasing to the west where i t be c o me s th e dominant
schistosity in the outcrop.
A number of discreet fault surfaces are prese nt a s thin l a yers of
quartz that cut across Sn and Sn+1.
S l ic k e n g roove s and clusters of
elongate
minerals
form
a
pro minent
li n ea tion
oriented
n ear ly
parallel to the dip of the faults.
Th i s lin ea tion represents the
transport direction on the faults.
Th e oth e r lineations in the
outcrop are formed by the intersecti on of schistosity an d the
folded layers.
This lineation is r e l a t e d to folding a nd has no
direct relation to the transport li n ea tions which are confined to
the fault surfaces.
Numerous mi nor fol ds can b e se e n in the outcro p .
Many of
are
represented
as
i so l ate d
hin g es
that
h ave
many
orientations in the plane of Sn+1 (fig. 23).
These folds
parasitic fold s on large r as ymmet r ical folds.
Many of
are offset across f au lt s a nd indic a te eastward movement.

the folds
different
represent
the folds

This outcrop is interp r ete d to occur on the fault ed west limb of an
overturned a n ticl i nal s tr µ ct ure of Fn+1
age.
Rotation of the
parasitic f o lds a nd
the
form a tion of the
transport lineations
occurred du ring s h earing and subsequent faulting.
This outcrop is
an exposure o f a s y nmetamorphic fault that developed after the peak
o f metam orp h i sm .
Refolded fold of Fn-1 and Fn age in the Pinney Hollow
S t op 17
Formati on ( fig. 2 4 ) (Stanley, Armstrong) - This outcrop is located
in th e front yard of a private home in Alpine Village which is
l oc at ed just west of Plunkton Road.
PLEASE,
NO HAMMERS.
This
outcrop is quite rare in that it is one of the few places where
refolde d folds of Fn - 1 and Fn age are preserved in the mafic schist
and sli v ery green schist of the Pinney Hollow.
We believe that the
geometr y preserved in this outcrop is representative of the larger
structure in the Pinney Hollow Formation.
Figure
24
is
a
geologic
map
of
the
outcrop
drawn
from
a
photomosaic.
The relatio ns are therefore portrayed with a fair
degree of accuracy.
Carefully trace the contact between the mafic
schist
(gr eenstone )
and
the · silvery
schist
and
compare
your
findings wi th figure 24.
The axial surface (Sn) of the Fn fold
trends to the north.
It folds Sn-1 which is well preserved in the
h inges of Fn folds in th e greenstone but is largely transposed in
the adjacent schist.
After you have recognized the structure see
if the fold s continue to the east and west across the outcrop.
You
will
find
that
they
are
more
difficult
to
follow
in
these
direction s.
We suggest that the refolded fold in the center of the
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REFOLDED GREENSTONE AND SILVERY-GREEN SCHIST
AND ASSOCIATED SHEAR ZONES
IN THE PINNEY HOLLOW FORMATION

Shear Zone

::=::::::====-S!!..'"

Sn

CZph

w

w
0

_ ___;. . .;.:.,. z
0--~~~~~-8~1n.

Figure 24

nI

O"\

C-6

out c rop is truncated by shear zones to the west and east.
The
eastern one is marked by a string of quartz lenses that are
ori e nt e d
parallel
to
the
Sn
schistosity.
Follow
this
zone
northward (toward the house) and you will find that th e zone is
oriented parallel to the the older (Sn-1) layering.
The western
shear z one is less distinct but appears to have the sa me geometry.
We believe that these refolded folds and associated shear zones are
representative of part of the internal fabric in the Pinney Hollow
Formation.
The
shear
zones
would
represent
the
linear
symet a morphic
faults
whereas the
refolded fold,
which here is
nearl y
reclined
in
position,
would
represent
the
sheared-out
"sheath" folds.
Also note the small dark lenses 4-6 cm in width.
These lenses are
composed
of
titanohematite
with
exsolution
"ellipsoids"
of
ilmenite and separate grains of magnetite (Armstrong, 1986, class
paper).
The
magnetite
grains
contain
(111)
lamellae
of
ilmeno-hematite.
Pods such as these are derived from hematitic
shales during metamorphism.
The composition of the titaniferous
hematite host and associated lamellae :i,s hematite 80 percent and
ilmenite 20 percent and is based on the analysis of 7 grains using
the microprobe at Middlebury College.
The significance of these
analyses will be discussed by Armstrong.
Stop 18 - Fabric within the Pinney Hollow Schist (fig. 25a and 25b)
(Stanley and Coleman)
This outcrop is located at the junction of
Route 100 and the Lincoln Gap Road.
The contact between the Hazens
Notch Formation is located just west of this juncti on.
An outcrop
of the carbonaceous albitic schist (CZhnca) of the Hazens Notch is
located just west of the junction.
The outcrop of the Pinney
Hollow schist is on the east side of the road.
NO HAMMERS PLEASE.
JUST OBSERVE AND APPRECIATE WHAT NATURE HAS PRESERVED!
The fabric in the schist is very complex.
Here
the dominant
schistosity (Sn), as we see it in strike section, is well developed
and anastomoses.
Prominent mineral lineations and reclined fold
hinges plunge down the dip.
This fabric is similar to the fabric
found in many places in the Pinney Hollow (for example Stops 13,
14, and 15).
Coleman
and
Journeay
(1987)
suggest
that
these
fabrics
record
a
history
of
rotational
strain
involving
layer - pa rallel
shear,
flattening
perpendicular
to
the
Sn
schistos ity
and
extreme
elongation
parallel
to
the
mineral
lin eation.
In many places this fabric is offset by younger shear
zones (C surfaces) that record either left-lateral or right-lateral
displac ement.
These shear zones are not as obvious in dip sections
in outcrop.
In thin section, however, Coleman and Journeay (1986)
observed
microsc opic
shear
bands
and
asymmetric
al bite
porphyrobla sts in both the strike and dip sections.
These shear
b ands
wrap
around
older
albite
porphyroblasts
which
preserve
inclusion trails of clockwise and counterclockwise sense.
In the
d ip section the down-to-the-east shear bands were more prevalent
than
the
up-to-the-west
bands.
These
data
suggest
several
interpretation s.
The
first
is
that
they
simply
record
late
flattening
across
the
belt.
As
a
result
we
should
find
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Figure 25a
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The schist in many synmetamorphic fault zones is
commonly more strongly foliated than it is away from the faults.
This

indicates that movement has occurred not only during but slightly after
metamorphism.
Although original bedding is rarely preserved in these rocks, it
ca 11 be found along contacts with beds of greenstone and quartzlte.

Figure 25b
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The foliation is the

pervasive Sn foliation.
Isolated quartz stringers
and veins are strung out parallel to the dominant
foliation.
The relations are best seen directly
above and to the right of the pen.
The schist is
composed of quartz, muscovite, chlorite and albite.
The fabric
in
the pegmatite
indicate
that Fn
deformation
occurred
at
the
ductile-brittle
transition
where
quartz
deformed
ductily
and
feldspar
deformed
by
brittle
to
semi-brittle
fracture.
Suggested temperat1ues and pressures are
in the range of 3500c to 400U C and 3 or 4 Kbars
(10 to 13 km.)
based on experimental work on
feldspar (Tullis and Yund, 1977) and the estimated
stability of chlorite.
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approximately equal numbers of shear bands with opposite senses of
displacement.
The second interpretation is based on Coleman's and
Journeay's study where they found that 85% of the shear bands and
asymmetrical
al bite
porphyroblasts
record
down-to-the-east
movement.
In this interpretation these struct ures record lat e
displacement in which greenschist facies hanging-wall rocks of th e
Pinney Hollow and Hazens Notch Formations mov ed down to the east
over relatively higher-grade footwall rocks of the Mt.
Abraham
Schist.
This movement may have been a res ult of the uplift and
arching of the Lincon massif and its cover immediately to the east.
Movement over a deep ramp may have been responsible for this
uplift.
In one place in the outcrop an older Fn-1 fold is preserved between
the Sn schistosity (fig. 25a).
In another place an older pegmatite
is disrupted by Sn and the younger shear bands (fig. 25b).
Perhaps the most important lesson that can be learned from this
outcrop is that the fabric is clearly the result of very complex
and intense strain.
Originally, we thought that the fabric was
largely the result of simple shear associated with faulting.
Pure
shear (flattening) certainly has played a role in the development
of the shear bands.
The earlier fabric may well have been the
result
of a
large component
of pure shear since asymmetrical
structures with a consistent sense of displacment are absent.
The
rotated trails in the albite certainly suggest this, although more
work should be done on these structures.
Our present position is
that one should be cautious in concluding that outcrops like this
one are simply the result of synmetamorphic faulting.
Other such
criteria as the geometry of map units should be used'in conjunction
with the fabric.
Stop 19
Fault
zones in the Ottauquechee Formation
Wait sfie ld (fig. 26) (Walsh) - These series of outcrops
on either side of Route 100.

north
of
are found

Station A (fi g. 26)
A folded contact between the Ottauquechee
black phyllite (Cobp) and the Ottauquech ee greenstone (Cobg) is
well e xposed at this locality.
The black phyllite can be seen in
the cores of several of the folds along the contact with the
greenstone.
The dominant schistosity (Sn) is axial planar to the
folds, thus indiciating that they are Fn in age.
The geometry of
the Fn folds is best seen in the greenstone where the folds are
isoclinal and have hinges that plunge steeply to the south and the
north.
The geometry of these folds is consistent throughout the
area and is most likely related to larger map-scale folds.
The contact between the black phyllite and
the
greenstone
is
interpreted as depositional.
From the relationship between the
contact, the Fn folds, and the dominant schistosity it is evident
that
the contact predates the
later structures.
No evidence,
h owever, is seen for a pre- or early metamorphic fault along this
contact.
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Stations B and C
The
fol low ing
series
of
outcrops
will
demonstrate
the gradational nature of the
contact between the
quart z - albite - muscovite - chlorite -magnetite schist (CZph) and
the quartz-rich wacke (CZphqw) of the Pinney Hollow For mation, as
well as lithic truncations of the schist and the wacke against the
fault-controlled contact with the Ottauquechee black phyllite.
Station B
The schist of the Pinney Hollow is exposed a t t h is
station.
The schist is characterized by a silvery-gree n appearance
on the foliation surface, well defined chlorite streaks, q u ar t z
rods, and magnetite octahedra.
The quartz
rich wacke grades from a light-co lo red sa ndy s chi s t
near the contact with the silvery-green schist to a we ll-foli a t e d
quartz-rich wacke toward the east in th~ past u re.
P r oc ee din g from
Station B north towards Station C, outcrops of t h e quartz-rich
wacke are encountered near the top of the hill.
Co n tinu e northwest
down the hill, out of the woods, and across the pas tur e towards the
outcrops of the quartz-rich wacke on the eas t side of Route 100.
Note how the contact between the schist a n d t h e wacke
trends
northwest, crossing the dominant schistosity.
Th e contact on the
map is inferred from the geometry of the ou t cr op - scale Fn folds
similar to those seen at Sta tion A.
Station C
The outcrop at Station C is l oc a ted in a stand of
trees on the west side of
Route 100.
The contact between the
silvery- green schist of the Pinney Hollow and the Ottauquechee
black phyllite is best exposed at the nort h end of the outcrop.·
The contact is sharp and parallels the dom in a nt schistosity.
Based
on the mapped lithic truncation of the P i nne y Hollow·schist and the
wacke against this contact and the pre s e nce of similar geology
along the ir belt to the north (fig. 26) the contact is interpreted
as a synmetamorphic fault.
The folia tions are
seen near
the
contact at the north end of the outc r o p .
The acute angle between
the two foliations indicates an east-o ver - west sense of shear.
If
the two foliations are rel a ted t o the contact it would support the
synmetamorphic fault interpretat io n.
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ME~l'Ar-DRPHISM

OF PRE-SILURIAN ROCKS, CENI'RAL VERMONI'

Jo Laird
Department of Earth Sciences
University of New Hampshire
Durham, NH 03824

(This note is meant to accompany field trip B-8 by Stanley and
others, this volume. Please refer to that paper for geologic units,
structural features, and field trip stops.)
o..ir understanding of the metamorphism in central Vermont is based
on petrologic and isotopic studies of intercalated pelitic, rnaf ic, and
calcareous rocks.
west of the Green Mountain anticlinoriurn (GMA)
metamorphic grade increases from chlorite to kyanite zone with the
highest metamorphic grade east of the Lincoln Massif (lm, fig. 1).
Biotite to kyanite zone rocks also crop out east of the GMA, with the
highest metamorphic grade along the Northfield, Worcester, and Elmore
mountains (nm, wrn, em, fig. 1).
Weakly metamorphosed limestones west of the Lincoln Massif record
calcite-dolomite, oxygen, and carbon isotope temperatures between 210
and 295 C (Sheppard & Schwarcz, 1970), while biotite grade dolomite
and marble give terrperatures between 255 and 400 C. North of the
Lincoln Massif biotite grade pelitic schist gives an oxygen isotope
terrperature of 435 C (Garlick and Epstein, 1967; all stable isotope
temperatures have been recalculated using the fractionation curves
corrpiled by Friedman & O'Neil, 1977) • Garnet grade rnaf ic schist gives
calcite-dolornite and amphibole-plagioclase temperatures of 489 to 450
C and an amphibole-plagioclase pressure of 7 to >8 Kbar. At Mount
Grant (m, fig. 1) oxygen isotopes indicate kyanite grade metamorphism
at 420 to 465 C (Garlick and Epstein, 1967).
Pelitic assarblages reported by Albee (1965, 1968) indicate that
metamorphism reached a higher temperature east of the GMA than farther
west (Worcester Mountains vs. Green Mountains, figure 2). Arnphibole
and plagioclase corrpositions in mafic schist do not support this
hypothesis , perhaps because of retrograde metamorphism.
At Elmore
Mountain, for exarrple, the earlier pelitic asserrblage kyanite +
garnet + biotite can be observed even though all of these minerals are
pseudornorphed (Albee, 1972, Stop I-2) • Hornblende is pseudornorphed by
actinolite (Laird and Albee, 1981) and has similar corrposition to
hornblende in garnet grade rnaf ic schist near Lincoln. If the highest
grade hornblende is not preserved, there is no way to tell frorn
electron rnicroprobe analyses how high grade the rnaf ic rock was before
retrogradation. Plagioclase in mafic rocks is albite both east and
west of the GMA.
One cannot distinguish the pressure of metamorphism east and west
of the GMA from the pelitic samples alone.
The corrposition of
amphibole in amphibole + chlorite + epidote + plagioclase + quartz
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schist , however, shows ve r y n icely that in central Vermont
metamorph ism was higher pressure east than west of the GMA (fig. 3).
In contrast, high NaM4 in amphibole indicates that medium-high
pressure facies series metamorphism is identified both east and west
of the GMA in northern Vermont (fig. l; corrpare sarnple LA426 with
samples of medium-high-pressure facies series east of the GMA, fig.
3).

Maf ic rocks east of the GMA have arnphibole with core corrpositions
indicating higher metamorphic grade than rim corrpositions.
Good
examples include our stop at Granville Gulf where barroisite is
overgrown by actinolite (g, figs. 1 & 3) and at Elmore Mountain as
described above.
Because the actinolite rims grew (arnphibole mode
increased} the rims cannot have formed by simple cooling and must
record metamorphism (Laird, 1986).
Decreasing tanperature with time is also indicated in a mafic
sample from the Lincoln Massif (south of Cobb Hill} by outward
decreasing NaM4 and Al.VI + Fe3 + 2Ti + Cr in arnphibole (lrn, fig. 3),
although Ti rich cores are suggestive of original igneous
compositions .
This sample records a maximum temperature of
metamorphism less than the overlying Hoosac and Underhill fms. The
retrogradation was reported earlier by Tauvers (1982} and may be
correlative with the retrograde metamorphism documented by O'LOughlin
and Stanley (1986}.
In contrast, continuous zoning indicates progressive metamorphism
in the Underhill Fm. west of the GMA along
Lincoln Gap and
Appalachian Gap roads (lg and a, figs. 1 & 3). Zoning is harder to
interpret in the Hoosac Fm. (lg, EL 475} and in the Underhill Fm.
south of Mt. Abraham (b} and at Castle Hill (lg, EL 66, fig. 3), in
part because the zoning is irregular and may be related to
miscibility.
40Ar/39Ar age data on amphibole obtained by Marvin Lanphere
(USGS, Menlo Park} show that Taconian age metamorphi.sm at stations a
and g (fig. 1) is 471 Ma (Laird et al., 1984}. Laird et al. (1984}
report 376 to 386 muscovite and biotite 40Ar/39Ar total fusion ages
from the kyanite grade pelitic schist east of the Lincoln Massif
studied by Albee (1965} •
Lanphere et al. (1983} also reported
Devonian biotite (387 Ma} and arnphibole (382 Ma} 40Ar/39Ar ages from
the Lincoln Gap road (VJL340} •
Do these data mean that Acadian
metamorphism is recorded east of the Lincoln Massif while Taconian
metamorphism is recorded farther north and east?
Structural data presented by Stanley and his colleagues on this
trip indicate a similar age of deformation and metamorphism east and
west of the GMA. Sutter et al. (1985} interpret Lanphere's Devonian
ages as cooling ages from a Taconian metamorphic event.
Further
isotopic data are needed along with our combined structural,
geochemical, and petrologic studies to address this problem.
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DelloRusso provided several sanples of mafic schist and stimulating
discussions concerning the geology of the transect covered by this
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of mafic schist and to Marvin Lanphere for doing the 40Ar/39Ar age
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REGIONAL GEOCHEMICAL VARIATIONS IN GREENSTONES
FROM THE CENTRAL VERMONT APPALACHIANS
R. A. Coish
Geology Department
Middlebury College
Middlebury, Vermont 05753

INTRODUCTION
Greenstones from the Mount Holly Complex, the Pinnacle, Underhill, Hazens
Notch, Pinney Hollow, Ottauquechee and Stowe formations have been analyzed for their
major, trace and rare earth element abundances.This is part of a long term project by
students at Middlebury College begun seven years ago. I present here a summary of
regional geochemical trends and discuss briefly their tectonic implications. Some of the
ideas presented here are from Coish et al. (1985; 1986).

GREENSTONE GEOCHEMISTRY

Mount Holly Complex, Lincoln Massif
Three mafic dikes cut the Lincoln massif, just north of Ripton, Vermont (Delorusso
and Stanley, 1986; Filosof, 1986; Stanley et al., this volume, Stop 3). The dikes are
intrusive into felsic gneiss; one dike contains inclusions of the gneiss, and also has finegrained apophyses chilled against the gneiss. The age of the dikes is deduced from the
stratigraphy. The dikes cut the gneiss but do not intrude the overlying Pinnacle Formation,
so they are pre-Pinnacle in age (Dellorusso and Stanely, 1986). The dikes are near vertical
and their strike ranges from N60E to about East. The dikes are 5 to 8 meters thick and all
have a well-developed foliation. All three dikes contain plagioclase feldspar, biotite,
actinolite, chlorite and magnetite. Compared to other Vermont greenstones, the dikes have a
higher abundance of biotite. One dike has phenocrysts of plagioclase whereas another is
biotite-phyric.
Geochemically, the dikes are basalts. They have high Ti, Zr, Y, P and rare earth
element (REE) concentrations (Figs. 1, 2 & 3), and can be further classified as transitional
basalts. Compared to greenstones in overlying formations, they have many chemical
similarities; however, they do have higher K, and lower Ti/P and Ti/Y ratios. These
differences may indicate that the dikes have undergone some contamination with continental
crust. The dikes near Ripton are similar to basaltic rocks of Precambrian age in the Catoctin
Formation in Virginia , and the Lighthouse Cove Formation in Newfoundland. The
chemistry of the Ripton dikes, like the basalts from Virginia and Newfoundland, is
consistent with their formation during rifting of the proto-North American continent during
the late Precambrian.
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Pinnacle and Underhill Formations
Greenstones from the Pinnacle and Underhill Formations are grouped because they
are geochemically very similar, and thus, probably have the same origin. Greestones from
the Pinnacle Formation have been sampled from the Tibbit Hill metavolcanics in northern
Vermont (Fleming, 1980). Green stones from the Underhill Formation are from two
localities near Huntington, Vermont (Larsen, 1984; Seibert, 1984), and from six localities
in the vicinity of South Lincoln (Gavigan, 1986). The Tibbit Hill outcrops are part of a
more extensive unit in southern Quebec; pillow lavas are common, and relict volcanic
textures are seen in thin section. These samples are interbedded with metagraywacke,
including conglomeratic units, arkose and phyllite. The Huntington greenstones are coarsegrained, plagioclase-amphibole rocks that may be meta-gabbros. Greenstones near Lincoln
are mostly plagioclase, chlorite, actinolite, epidote rocks. One outcrop is a 3-meter wide
dike cutting pelitic schist. All greenstones from the Pinnacle and Underhill formations are
in the greenschist metamorphic facies, and all contain abundant magnetite.
The chemistry of greenstones from the Pinnacle and Underhill formations indicates
the samples were transitional basalts with very high concentrations of Ti, Zr, Y, and the
rare earth elements (Figs. 1, 2 & 3). Furthermore, the rare earth element patterns are
fractionated such that the light rare earth elements (LREE) are enriched relative to the heavy
rare earth elements (HREE) (Fig. 3). These geochemical features are typical of basalts
produced in early stages of continental rifting. Although there is variation in chemical
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composition among all the samples, there is no clear difference between the Pinnacle &
Underhill greenstones. This indicates that the Pinnacle and Underhill greenstones were
basalts generated from the same type of mantle source rock. There could have been, and
probably were, many different magmatic episodes over a wide range of time from this same
mantle source.

Hazens Notch and Pinney Hollow Formations
Greenstones from the Hazens Notch Formation were sampled north and east of
Lincoln Gap (Masinter, 1986). Greenstone samples from the Pinney Hollow Formation
were taken from four outcrops along route 100, between Granville and Waitsfield
(Masinter, 1986), and from a single outcrop along route 125, near Hancock (Poyner,
1980). Greenstones from these two formations were grouped because of their overall
geochemical similarity, and their differences from greenstones to the west and east. Some
of the green stones in these formations are indistinguishable in the field from greenstones in
the Pinnacle and Underhill formations in that they are dark green, chorite-actinolite rocks.
Other greenstones contain much epidote and thus are much lighter green, similar in fact to
greenstones found in the Stowe Formation. Thus, the Hazens Notch and Pinney Hollow
formations contain two types of greenstones. At present, we see no systematic distribution
of these two types.
Geochemically, the greenstones are high Ti, Zr, Y and REE basalts; concentrations of
these elements overlap with the low end of the envelope for the Pinnacle and Underhill
greenstones and extend to lower values (Fig. 1 & 3). The greenstones with lower values
overlap greenstones from the Stowe Formation. Samples from one particular body exhibit
nearly the entire chemical range shown by the whole group. This suggests either 1)
magmas erupted in a single place were generated at different depths in the mantle or from
different parts of a single magma chamber, or 2) the different basalts were generated in
disparate regions and intimately mixed later by faulting. Whatever the reason, it is clear that
the Hazens Notch and Pinney Hollow formations contain basaltic greenstones with a wide
range of chemical compositions.

Ottauquechee and Stowe Formations
Greenstones from the Ottauquechee Formation were sampled near route 100 between
Waitsfield and Waterbury (Doolittle, 1987). Greenstone samples of the Stowe Formation
were taken from three large bodies: near Braintree, Vermont (Bailey, 1981); near
Moretown (Anderson, 1983); and near Waterbury Center (Perry, 1983). All greenstones
are fine-grained, light-green rocks distinct from the darker greenstones to the west. The
greenstones are in the greenschist fades; a high abundance of epidote results in the light
green color. Many of the greenstones exhibit a distinct mineralogical layering with bands of
albite & quartz alternating with bands of epidote, chlorite & actinolite.
Greenstones from the Ottauquechee Formation are indistinguishable chemically from
greenstones from the Stowe Formation. Samples from both formations are basaltic in
composition and have lower concentrations of Ti, Zr, Y and REE than most greenstones
from more westerly formations (Fig. 1, 2 & 3). Also, the rare earth element patterns show
a slight to moderate depletion in the LREE relative to the HREE (Fig. 3), contrasting with
the LREE-enriched patterns of the western formations. In almost all geochemical features,
the Stowe and Ottauquechee greenstones are similar to modern mid-ocean ridge basalts.
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The depleted LREE pattern indicates that the greenstones must have been derived from a
different mantle source than the western greenstones; in particular, the mantle source must
have been depleted mantle. On all counts, the Stowe and Ottauquechee greenstones are
different from all greenstones in the Pinnacle and Underhill formations and many
greenstones in the Pinney Hollow and Hazens Notch fon11ations.

TECTONIC IMPLICATIO NS

Geochemical trends in modem basaltic rocks have been used to place volcanic rocks
in a particular tectonic environment, i.e, mid-ocean ridge, subduction zone, or within-plate
environment. Appyling the same technique to ancient rocks, it can be shown that
greenstones from the Mount Holly Complex, Pinnacle and Underhill formatio ns formed in
a within-plate environment. Furthermore, these greenstones ap pear to have been formed
within a continental plate. Most modern within-continental plate volcanism occurs in
regions where a plate is being stretched and pulled apart to form a rift valley. The tectonic
environment of formation of the Ottauquechee and Stowe green stones appears to be an
ocean ridge. Greenstones from the Hazens Notch and Pinney Hollow formations show
chemical characteristics of both within-plate and ocean ridge environments ..
Before an attempt is made to describe tectonic events in the late Precambrian, it is
instructive to look at the geographical distribution of some important elements in the
greenstones (Fig. 2). In figure 2, the various formations are arranged in their current spatial
distribution from west to east, and the average concentrations of Ti 02' Zr and La/Yb ( a
measure of LREE enrichment) are plotted. There is an obvious decreasing trend from west
to east. This trend can be attributed to a change in the environment of formation of the
volcanic rocks either with time if the rocks young toward the east or with distance from a
rift axis if the greenstones are all approximately the same age. Whatever the interpretation,
it seems that the present arrangement of the formations roughly reflects th,e arrangement at
the time of formation; amazingly, things are not completely scrambled. It is certainly
possible and perhaps likely that considerable lateral shortening has occurred, but the
geochemistry of the greenstones tells us that the formations have not been well shuffled.
The geochemistry of greenstones in central Vermont can be explained by a fairly
simple model of splitting of a continent and formation of an ocean basin. During the late
Precambrian (- 650? m.y.a), the Adirondack continent began to stretch and pull apart
presumably due to a thermal plume in the mantle below. Volcanism accompanied this
stretching resulting in the formation of basalts in the Mount Holly, Pinnacle and Underhill
formations. The continental crust at this time was distended but still fairly thick; this can be
called an early stage of rifting. Slightly later (-600? m.y.a.), volcanism continues to
produce basalts further east as the zone of magmatism migrates. The continental crust is
now more stretched and an ocean basin is starting to develop. This is a transitional stage in
the development of ocean crust; the basalts produced here will have transitional features
between true within-plate basalts and ocean ridge basalts. The basalts erupted at this time
become part of the Hazens Notch and Pinney Hollow formations. Still later (-550?
m.y.a.), the continental crust has been completely stretched and true sub-oceanic mantle
established; ocean ridge type basalts are erupted farther east and will later become part of
the Ottauquechee and Stowe formations. The ocean basin at this time could have been very
small. Eventual closure of the ocean basin during the mid-Ordovician results in
metamorphism of all the basalts to greenstones.
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CLEAVAGE VS . FOLDI NG VS. THRUSTING:
Rl!iLATIVE TIMING OP S'rRlJC'rLJRAL EVENTS
IN THE CBNTRAL CHAMPLAIN VALLEY
Paul A. Washington
Department of Geology & Geophysics
University of Connec t icut
Storrs, CT 06268

INTRODLJC'rION
The gross structure of a thrust belt (e.g. western
Ve rmont) is controlled by the geome tries of the thrus t
surfaces and the magnitudes of the di splacements (Boyer
and Elliott, 1982; Suppe , 1983). Within every t hrust
belt, however, there are numerous other struct ur es that
form during the same tect onic event but are not·obvi ously
related to the thrusting. It is the temporal and spatial
relations between these sec ondary structures and the
thrusting that this field trip will investigate.
Regional Setting
The structure of the central Champlain Valley has long
been thought to consist of a narrow line of thrusts separat ing undeformed strata to the west from multiply folded
strata within a recumbent synclinorium to the east {Cady,
1945). Recent mapping (Washington, 1981a, b, 1982, 1987b;
Washington and Chisick, 1987; Harding and Hartz, 1987),
however, has found that the area is a complex thrust belt
( figure 1). In fact, the areal distribution of the strata
that led to the synclinorium theory (Dana, 1877; Cady,
1945) is the result of successively older strata being
brought to the surface by the thrusts east of the "axis of
the synclinorium."
The Western Vermont thrust belt consists of four major
thrust systems: the carbonate thrust sheets (herein called
the Middlebury thrust system) at the base, the Champlain
thrust sheet above, the New Haven-Green Mountain (NH-GM)
thrust system overriding the trailing edge of both of
these, and the Taconic allochthons to the south sittin~
atop the Middlebury and NH-GM systems. As Keith (1932)
recognized, each of these thrust systems has a distinct
stratigraphy. Recent work is redefining the correlations
among the se~uences (Washington and Chisick, 1987). Figure
2 summarizes the stratigraphy of the thrust belt and compares it with the autochthonous strata along the edges of
the Adirond acks . This field trip will concentrate on the
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Figure 1 - Structure map of the central Champlain Valley.
Autochthon extends west from fine stipple, New Haven Green Mountain thrust system extends east from line of
open circles, north end of ~aconic allochthons are
denoted by hatchures, and edges of Champlain thrust sheet (including isolated pieces) are marked by heavy
dots; intervening area is t h e Middlebury thrust
system. TP - Thompson's Point; VTS - Vergennes thrust
sheet; BM - Buck Mountain ; SM - Snake Mountain; field
trip stops indicated by numbers.
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Middlebury thrust system, but STOPS 8 and 9 are within the
New Haven-Green Mountain thrust system.
One of the key elements in the structure of this
thrust be lt is penetration thrusting. A penetration thrust
bre~ches an overlying thrust surface and places structurally lower material onto a portion of the structurally higher
s heet (Washington, 1985). The present positions of the
wes t ern pieces of the Champlain thrust sheet (i.e. Snake.
Mountain, Buck Mountain, the Vergennes thrust sheet, and
Thompson's Point) has led most prior workers (Logan, 1860;
Dana, 1877; Cady, 1945; Coney and others, 1972) to infer
that the Champlain thrust lies beneath the "Middlebury
s ynclinoriu.rn ." Actually, these portions of the Champlain
thrust sheet are tectonically isolated by penetrating
thrusts of the Middlebury thrust system. This will be seen
at STOP 4 whGre the Weybridge thrust sheet overlies the
trailing e dge of the Snake Mountain portion of the structurally higher Champlain thrust shee t.
Ther e is a high metamorphic grad ient within the eastern parts of the Middlebury thrust system. This is produced by the juxtaposi ton of greenschist metamorphics of the
NH-GM thrust system against carbonates of the Middlebury
thrust system. The north end of the Vermont marble belt
lies about the latitude of New Haven because north of there
the trailing edge of the Champlain thrust sheet intervenes
between the metamorphics and the carbonates. STOP 7 is the
Middlebury marble quarry where metamorphic effects are
superimposed on thrust-belt structures, obscuring the
detailed structural relations.
Thrust Systems and Related Structures
Thrust surfaces are generally stepped, with alternating flats (segments parallel to layering) and ramps (segments oblique to layering) (Rich, 1934; Dahlstrom, 1970;
Boyer and Elliott, 1982). Ramps can be perpendicular,
oblique, or parallel to tr ansp ort (see Wilson and Stearns,
1958, Dahlstrom, 1970 , and Elliott and Johnson, 1980).
Displacement over the steps produces "fault-bend" folds
(Suppe, 1983) which are generally large, flat-topped, and
asymmetric. At STOP 1 we will se e some nice examples of
such folds in small thrust systems.
There are two basic types of thrust systems - duplexes
and imbricate fans (Boyer and Elliott, 1982). Duplexes are
thrust systems in which the various thrusts branch off of ~
common basal (floor) thrust and join a common overlying
(roof) thrust. Imbricate fans, on the other hand, are
thrust systems in which the various thrusts branch off of a
common basal thrust and climb up through the overlying
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strata until they either reach the surface or g o blind ( e nd
without connecting to the surface or another thrust). The
Ch·:i.ruplain thrust system is an emergent imbricat e :fan; the
structurally lower Middlebury thrust system, however, i s a
duplex for which the Champlain thrust (and Tac onic thrust
to the south ) was the roof. The tectonic dis me mb ering of
the Champlain thrust sheet occurred when imbricate thrusts
of the Middlebury system breached the Champlai n thrust
rather than joining it.
Generally, fault-b end folds are the last ma jor structural element to develop in a thrust s hee t unless there are
multiple tectonic events or out-of-sequence deformation
(Coward, 1984). Because thrusting ~regr esses downward and
forelan dward, deformation in lower (l ater ) thrust sheets
can affect higher (earlier) thrust sheets (Elliott and
Johnson, 1 980; Mitra and Yankee, 1 985). Where the lower
thrust sheets are exposed, however, the source of this
deformation is usually clear . The only other type of
deformation that does not pre-date fau lt-bend folding is
"ramp-bend" folding which will be discussed below.
Adjacent to thrust surfaces there are commonly zones
of higher deformation . In brittle rocks these zones are
marked by cataclasis, whereas in ductile rocks they are
generally marked by drag folding and cleavage. The de formation within these zones diminishes in intensity wi th d i stance from the faul t surface. Examples of this def or ma tion
will be seen at STOPS 4 and 5. Some thrusts do n ot de ve lop
noticeable zones of deformation, however, all of the
displacement ap parently being confine d to the fault su rf a ce
(e.g. STO P 2). Where conditions are just right, seconda ry
thrust systems can form immediately below ma j or thr u sts. If
the major thrust causes a great increase in overbu r den,
cleavage can form within the secondary thrust systems after
fault-bend folding (e.g. STOP 1).
Secondary Structures
There are three structures which are gener ally a sso ciated wi th thrusting: folds, cleavage, and j oints. All of
these record shortening of the material; t h e d irection of
shortening is roughly perpendicular t o t he fold axes and
cleavage planes and perpendicular and par allel t o the two
ortho~onal joint sets.
Where these structure s a re penetrative (i.e. developed throughout a thrust she et) t hey form
prior to thrust displacement (Washingt on, 198 7a) ; only
localized structures form during displaceme nt. Regional
joints are most evident in competent strata, where a s folds
and/or cleavage are dominant in ductile s t rat a . I n the
Champlain Val l ey, most of the strata fall wi thin the
ductile range, so cleavage and folds are common .
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As Henderson and others (1986) recently poi nted out,
the relative timing o:f cleavage and fold development is a
function of the material properties. Since folding is
strongly controlled by layer thickness and layer-boundary
strength (Kuenen and de Sitter, 1938; Ramsay, 1967) while
cleavage formation is primarily controlled by ductility and
stress magnitude (Hobbs and others, 1976), folds will
develop first if the material is thinly bedded and stiff
and cleavage will develop first if the material is massive
and ductile. Cleavage and folds can be coeval if
conditions are intermediate between these two extreme s.
Where cleavage forrns first, subsequent folding will
reorient the cleavage, creating a cleavage fan (Fisher and
Coward, 1982). Where folds form :first, cleavage orientation is consistent throughaQt (Henderson and others, 1986).
The relative orientations of the fold axial surfaces a nd
the cleavage planes indicates the relative orientations of
the stress field during the formation of the two s tructural
elements.
Al though folds can only :form where there has been some
shortening parallel to layering, cleavage can form even
where shortening is nearly perpendicular to layeririg. The
orientation of cleavage is a good indicato r of the environrnent in which it formed. Cleavages that are nearly perpend-t. cular to layering (e.g. STOPS 2 and 8) are generally
for1ned cli.rectly ahead of a step in an active thrust. Cleavages that are nearly parallel to layering (e.g. s at
BTOP 5), ori the other hand, are generally formed b~neath a
thick thrust sheet advancing across a flat; the increased
load causes the shortening and the taper toward the foreland causes the deviation from horizontal.
The morphology of the cleavage is primarily a function
of material properties (Hobbs and others, 1976; Cosgrove,
1976; Engelder and Geiser, 1979): a fine-grained roe~ will
f orm a slaty cleavage (especially if it is monomineralic),
an impure sandstone or limestone will form a spaced cleavage, and a strongly anisotropic rock will tend to form a
crenulation cleavage (unless the stress is applied in the
wrong orientation). Thus, in the Champlain Valley the
.
shales and pure micritic limestones exhibit slaty cleavage
(STOPS 1, 4, 5, 6, and 9), the impure limestones and sandstone s contain spaced cleavage (STOPS 2, 3, 4, and 8), and
second generation cleavages in the limestones and slates
are crenulation cleavages (STOPS 5 and 6).
Ramp-Bend Fold Trains
Although folds and cleavage generally form prior to
thrust displacement, small areas contain trains of late
356

B-9

folds, often accompanied by cleavage. These anomalous
areas always occur at the junction between two di ffe r e ntly
oriented fault-bend folds. The folds are generally oriented somewhat oblique to regional strike and plunge rather
noticeably toward the more hindeward end. Due to their
peculiar location and timing, these fold trains are attributed to the roorn problems above ramp intersections du.ring
the fault-bend folding process; thus the term "ra mp-be nd
fold trains " is applied. STOP 6 is an excelle nt example of
a ramp-bend fold train.
Fault- bend folds form above hangingwall ramps as they
advance up stepped thrust surfaces from their original
seats (Suppe, 1983). The orientation of the hangingwall
ramp has little bearing on the shape of the fau lt-bend fold
sincA the shape is dictated by the necessity to maintain
surface length and volume in the thrust sheet while it
remains in continuous contact with the underlying fault
surface. When two differently oriented ramps meet, the
folding process becomes more complex; the theoretical
fault-bend fold shape is not possible within the zone of
overlap because it would necessitate drastically decreasing
the surface area. Since the fault-bend f olds must be
accomodated, however, an effective reduction in surface
area must occur. This is accomplished by shorteni ng the
layers with short-wavelength folds (fig. 3), often with
accompaning cleavage.
The amount of shortening varies within the overlap
zone, the greatest occuring in the central portion .decreasing to zero towards the edges, especially the edge toward
the more frontal ramp. Where the ramp-bend is created by
the junction of a frontal and an oblique (or lateral) ramp,
the shortening commonly extends along the oblique ramp farther than might be expected, making quantification of the
strain produced by various ramp-bend geometries of limited

Figure 3 - Ramp-bend folds accomodate surface area decrease
in zone of overlap between frontal (F) and lateral (L)
fault-bend folds. T indicates transport direction.
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use. This hindeward extension of the fold trains is
probably due to drag along the tapered edges of the sheets.
Although there are many different possible fold patterns that could accomodate the diminution of the surface
area within the overlap, the folds always have a trend
between that of the two fault-bend folds. This consistency
of orLentation is not surprising, however; the stress field
in an active thrust sheet would force the folds to be
oriented tangential to the edge of the thrust sheet. The
slight rotation of t he folds toward the orientation of the
1ao:re hindeward ramp can be attributed to the aforementioned
drag on the tapered edge.
Discussion
From the preceding review of thrust belt structures,
it is obvious that the relative timing of structural elements in a thrust belt is not constant. Rather, the relative timing is determine d by material properties and the
tectonic environment . To further complicate the picture,
each thrust sheet should be considered separately since the
tectonic history of each is slightly different.
Fortunately, there are many clues to the origins of
the various structural elements. The orientation of a
cleavage and its relation to accompanying folds gives some
indication of the orientation and history of the stress
field and the character of the material. The areal distribution of these elements provide further clues to the gross
structure of the thrust belt.
In the Champlain Valley there are several sets of
cleavage and folds (although prior workers [e.g. Crosby,
1963; Voight, 1965, 1972; Coney and others, 1972] have
tended to lump them together). Generally the folds accompany cleavages formed prior to the cleavage, indicating
that layer thickness and boundary strength were sufficiently low. By using the distribution of these elements,
thrusts can be identified even when they are not exposed
and detailed structural relations can be deciphered. Thus,
the secondary structures are providing valuable insights
into the structural development of western Vermont.
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Figure 4 - Route of fi eld trip in western Vermont.
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ITINERARY
Assembly point is the gas station (currently BP) a t
the intersection of Routes 7 and F-5 in Charlotte.
Time: 9:00 A.M.
Mileage
0.0

Go south on Route 7.

0. 4

STOP J_: Charlotte Roadcuts. These roadcuts provide
an excellent view of thrust struc tures developed in
the shales directly beneath the Champlain thrust
(Champlain thrust lies near top of hill). Thrust
surfaces, fault-bend folds, and slaty cleavage can
be seen in this roadcut. Note that the cleavage
post-dates thrusting and fault-bend folding. The
orientation of this cleavage indicates it formed in
response to the imposition of a large overburden,
probably the Champlain thrust sheet after it overrode
these shales. The thrusts developed during movement
on the Champlain thrust. This is the south end of
Stanley's (1969) stop 5.
Continue south on Route 7.

2.1

Hill to left is Mount Philo. Cliffs near top are
Monkton quartzite of the Champlain thrust sheet.
Thrust lies about at base of cliffs.

9.0

Turn left onto Satterly Road.

9.2

STOP 2: Hammond Quarry. North face of this quarry
contains a small thrust in Glens Falls limestone.
Note the strong spaced cleavage and· detachment
surfaces in the footwall. The cleavage and detachments are basically coeval. Both formed in resonse
to horizontal tectonic compression during active
movement on the overlying thrust (Washington, 1987).
Turn around and proceed back to Route 7.

9.4

Turn left and continue south on route 7.

9.9

Turn right onto Route 22-A. Stop as soon as you are
clear of the corner.

10.0

STOP 3:
Vergennes Roadcut. The low roadcut along
the south side of Route 22-A has well developed folds
and cleavage. The cleavage is clearly unaffected by
the folds, indicating that it formed later. The
cleavage is parallel to the axial planes of the
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folds, however, so the struc tur es a r e probab ly
penecontempo r ane ous.
Continue south on Route 22-A.
11 .4

The Vergennes falls are the last falls on Ott er
Creek. The falls consist of Wh i teh all dol os tone of
the Vergennes thrust sheet (a t ec tonically i s ol at e d
piece of the Chrunplain thrus t s hee t) wit h th e thrus t
plane reaching the s u rface about t h e base of th e
falls. Otter Creek is navigabl e from he r e to Lak e
Champlain , so th i s is whe r e Commodore Mac donough
built his fleet t hat defeat e d the British f l e e t a t
the Battle of Plattsbur gh in 18 14. At t h e e nd of
Ott er Creek is th e s it e of Fort Cassin (built to
protect the flee t during c onstruction) , th e type
local ity of the Cas sinian stage (Ear l y Ordovician).
For th e next fe w mi l es Route 22-A fo l l ows th e ridge
formed by the Ve r ge nnes thrust shee t . Th e low
outc rops a long the ro a d a re Whitehall a nd Ticonderoga
dol ostone. The broad valley to the wes t is underlain
by Late Ordov ician shales.

16 . 8

Ahead a nd to the left is Snake Mount a in, the first
Ameri can lo cality to be recognized as having
non- sequenti a l stratigraph i c stacki ng . The
occurrence of the Early Camb rian Monkton quartzite
a top La te Ordovician limest one s a nd sha les caused
c onsiderable controversy (se e Emmons, 1842, and
Adams 1848) which was resolved only when Logan
( 1860~ defined the Logan's line thrusts with this as
the type locality. The Champlain thrust lies about
at the base of t he up p e r cliffs, which are Monkton
quartzit e .

24.8

Turn left onto Rout e 125 .

27 . 8

Th e
end
an d
f or

28.4

Lemon Fair River .

29 . 5

The cliffs that face you are the hangingwall of the
Weybridge thrust, a penetration thrust which places
Ordovician strata over the lower Cambrian strata of
the Snake Mountain portion of the Champlain thrust
s heet. Unfortunately, the thrust surface is not
exposed.

s ou t h end of Snake Mountain. This is the south
of t h e Champlain thrust as mapped by Cady (1945)
r e c or ded on the state geologic map. All strata
t h e nex t 10 km south are of Ordovician age.
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30.4

STOP 4 : The Ledges .
Th es e led ges provide one of the
best exposures of th e upper Be ekmantown Group in the
Group in the Champlain Valley. The limestones at the
base are Lemon Fair formation (this is the type
locality) and uppermost Cutting Hill formation. The
shaly strata are Fo r t Ca s s in f ormation and the
overlying limestones and dolo s tones are P rovidenc e
Island formation.
The Providence Island strata a r e
highly deformed, whereas the underlying strata are .
basically undeformed; th e f loor thrust of the Sudbury
duplex lies just above the base of the Providence
Island formation. Note the decrease in cleavage
intensity with distance below the Sudbury floor
thrust (a true detachment). There is also some drag
folding immediately below the detachment surface.
Continue uphill on Route 125 .

31 . 0

Turn left onto Samson Road.

32.2

Bear right onto dirt road. The ledges to the north
and south of this intersection contain folded and
faulted Lemon Fair strata. The folds and faults are
part of a ramp-bend fold train associated with a
lateral ramp along the Weybridge thrust.

32.7

Lateral cutoff of the top of the Lemon Fair formation
lies to left.

32.9

Lunch. Bittersweet Falls .
The falls consist of
Middlebury limestone, the contact with the overlying
Hortonville slate occurring just above the top of the
falls.
Extending east from the top of the falls is a
winding canyon providing a continuous exposure
through the slate that forms the "core of the
Middlebury synclinorium." The eastern boundary of the
slate is a thrust fault (one of the imbricates of the
Sudbury duplex) and several other small thrusts can
be seen within the slate . Two generations of
cleavage can be identified locally in the slate:
1 ) a nearly bedding-parallel cleavage (axial planar
to folds near the top of the section) and
2) a crenulation cleavage. The former formed in
response to the superposition of the Champlain thrust
sheet (which formed drag folds in the upper strata).
The latter formed in response to shear strains near
thrusts formed during duplexing. The limestones at
the falls only show the former of these cleavages.
After lunch continue north on road.

33.5

Turn left.
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33.7

Turn right onto Route 23 (paved road). The monument
at corner is to Silas Wright, a Govern or of New York
who came from this town (Weybridge ) .

34.6

STOP 5: Dubois Quarries.
There a re two small
limestone quarries to be visited here, one on the
northwest side of the barn and the other about 150
meters west on the south end of a hillock. The first
of these is an excellent exposure of the relations
between bedding and two cleavages. As with most of
the strata in the duplex, these limestones are
basically unfolded. The earlier cleavage cuts across
bedding at a very low angle, dipping s li gh tly to the
east. The second cleavage is a crenulatio n cleavage
which deforms the first cleavage planes. The floor
of this quarry is essentially the surface of one of
the larger displacement imbricate thrusts in the
duplex. The exposed strata are the basal portion of
the Middlebury limestone. Crenulation cleavage forms
in lower part of the thrust sheet (here through the
entire quarry) in response to the shear along the
fault plane.
The other quarry contains upper Middlebury
limestone with a small shear zone along the top (top
of quarry face is approximate ly top of shear zone).
This shear zone is also marked by crenulation
cleavage. Whether this shear zone represents a
thrust is not clear.
These quarries were opened to provide stone for
the bridge in the center of Middlebury . Stone from
the first quarry can be seen in the bridge abutments
abov e street level. The quarries were abandoned
prematurely after a boiler on a quarry machine
exploded under one of the workers.

35.5
36.0

Turn around and proceed back northwest on Route 23.
Turn right onto Hamilton Road (dirt).
STOP 6: James Pasture. The pasture to the north of
this road is one of the classic structure localities
in the Middlebury area (see Crosby, 1963, and Coney
and others, 1972). It contains an easily mapped fold
train with an axial-plane cleavage. There is also a
later crenulation cleavage. The south and west sides
of this knoll coincide with the Sudbury thrust (the
eastern part of the roof thrust of the duplex. The
folds seen here are part of a ramp-bend fold train
formed by the intersection of the fron~al and lateral
ramp of the Sudbury thrust along the northern edge of
the duplex (the Sudbury nappe marks the southern end
of the duplex). Note the southeasterly plunge of the
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fold axes . These folds die out a short distance to
the north. The boundary between the Middlebury
limestone and Providence Island formation is marked
by a thin shale layer, the marker bed used by Crosby
(1963) to define the fold train.
Continue east on Hamilton Road.

Figure 5 - Structure of James Pasture (after Crosby, 1963).
The marker bed is a thin (.5 m) shale layer separating
the Middlebury limestone (Om) from the dolostones and
limestone of the Providence Island formation (Opi).
Note the orientation of the folds relative to regional
strike which is nearly due north.
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36 . 9

Turn right.

37 .5

UVM Morgan Horse Farm.

38 . 7

Bear left. Pulp Mill Covere d Bridge - olde s t covered
bridge in Vermont and one of very fe w two lane
covered bridges still in exis t e nce. If your vehicle
is too large to go through:
0 . 0 turn right and continue so uthwes t to Route 23
0 . 4 turn left onto Route 23 and go to end
1 .2 turn left go to inters e ction
1 .3 turn left onto Main St. an d proceed to Route 7
(note bridge rock from St op 5)
1 .5 turn left onto Route 7
1 . 6 turn right onto Seminary Street (by church).
= 39.8 below.

38.8

Continue straight as you leave bridge.
crossed the Sudbury thrust.

39.5

Turn left across train tracks.

39.5

Turn left.

39 . 6

Turn Right.

39 . 7

Turn right onto Route 7.

39 .8

Turn left onto Seminary Street.

40 .1

Continue straight (right fork).

41 .1

Bear right onto Foote Street.

42.1

Turn left onto quarry access road.

42.3

STOP 7: Middlebury Quarry. As you enter the quarry,
be very careful; this is a deep quarry and is still
in operation with trucks constantly entering and
leaving on the access road. A geologist of the
Vermont Marble Co. will meet us at this stop.
The marble of this quarry is cut by several
thrusts which have been obscured by later recrystallization during metamorphism. The original layering
can be recognized by interspersed pelitic layers
which also show later cleavages. The stratigraphic
position of the marble is not established, but I
assign it to the Lemon Fair formation based on
structural position relative to nearby fossil
localities.
Leave quarry.
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42.5

Turn left as you leave access road.

43.4

Turn left onto Route 7.

44.7

Turn left onto Route 125.

46.3

Narrow bridge with dange rous curve.

46.5

STOP 8: East Middlebury Roadcut. Park to left of
road in small parking area. The roadcut on south
side of road shows a rotated early spaced cleavage.
The rotation occurred as fault-bend folds formed
during movement on a series of thrusts a long the base
of the mountain front (see Harding, this volume).
The cleavage probably formed in an equivalent
structural environment to that seen at Stop 2.
Turn around and proceed back down hill.

47.8

Turn right onto Route 116.
For the next few miles we follow the Green Mountain
front. The base of the front is mostly hidden by
glacial gravels, but wherever it is visible there is
a series of thrusts separating the quartzites of the
front from the carbonate-pelitic sequence of the
adjacent valley. The hills to the west of the road
are caused by the massive dolostones at the base of
this sequence (probably equivalent to the dolostone
lying directly atop the quartzite) being brought to
the surface by thrusts.

56.6

Turn left onto dirt road.

57.6

Turn left.

58.0

STOP 9. New Haven Mills. Southwest facing ledges
just 1nto behind house provide a nice view of a fold
and thrust system within the New Haven metamorphic
complex. Note that most of the folds are related to
thrusting. An early cleavage, seen best in the purer
dolostones, pre-dates these folds.
Beware of the

poiso~ iv~

growing along edge of woods.

End of trip.
To return to route 116, turn around, proceed back
down road to end (across bridge), turn right, and go
0 .8 mi.
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Figure 1. Compilation of striations in Vermont and New
Hampshire by James W. Goldthwait (portion of Fig. 5-3 in
Flint, 1957, p.60).

Figure 2. Indicator fan s in Vermont and New Hampshire
(portion of Fig. 7-19 in Flint, 1971, p .178).
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SOUTHWEST-TRENDING STRIATIONS IN THE
GREEN MOUNTAINS, CENTRAL VERMONT
Spafford C. Ackerly
Department of Geological Sciences, Cornell University
Ithaca, New York 14853
Frederick D. Larsen
Department of Earth Sciences, Norwich University
Northfield, Vermont 05663

"That the highest points of land should have been scored by abrasions
passing over them seemed to the older geologists better explained by
floating than by glacial ice; for no one had then made clear how ice
could move up hill to altitudes of thousands of feet. The ice of living
glaciers moves down slopes: how then could the ancient ice have passed
over the tops of the mountains unless the land itself had been so low that
icebergs could have floated over them? The geologists had the credit of
believing many strange stories, but even they hesitated to accept the
doctrine that land ice could have been pushed over New England from
the St. Lawrence valley."
Charles H. Hitchcock, 1904, Report of
the Vermont State Geologist, p. 67

INTRODUCTION
In 1861 Edward Hitchcock reported two directions of glacial striations in the Green
Mountains, in the vicinity of Middlebury Gap. One set, oriented to the south.e.afil;, roughly
coincided with striation directions in other parts of Vermont, showing that currents of ice (or
icebergs, in Hitchcock's view) flowed southeast out of the Champlain Valley and across the
mountains. The second set, however, directed to the south~, was locally restricted to the
valley of the Middlebury River and showed that ice flowed into the Champlain Valley.
Hitchcock interpreted the southwest striations as evidence for local glaciers in the Green
Mountains, though James Goldthwait argued in 1916 that the striations might have been
produced by an ice sheet.
This field trip returns to Middlebury Gap, 116 years later, to reconsider the evidence of
multiple striation directions in the Green Mountains. Recent mapping (work still in
progress) shows that patterns of glacial striations in the Green Mountains are complex,
recording multiple directions of ice movement.

REGIONAL PATTERNS OF GLACIATION
During the Late Wisconsinan glaciation, the Champlain Valley in western Vermo·nt
was a major conduit for ice flowing southward from ice domes in the Hudson Bay region.
Ice radiated to the southwest into New York and to the southeast into New England from a
locus in, or to the north of, the Champlain Valley (Mayewski et al., 1981; Hughes et al., 1985;
Lowell and Kite, 1986). In Vermont, the southeast flow direction is indicated by patterns of
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glacial striations and indicator fans (Figs. 1-2). Indicator fans mapped by students at
Northfield University show trends ranging from due south to S40E (Fig. 3). Many erratics
of the reddish-brown Monkton quartzite have been carried southeast across the Green
Mountains into southwest New Hampshire (Fig. 4).
The general pattern of deglaciation in Vermont was one of regional stagnation in the
central highlands, and of oscillating or episodic ice margin retreat in the HudsonChamplain Valley. The primary evidence for stagnation in central Vermont is the virtual
absence of moraines and other ice-marginal features in highland areas. Ice-marginal .
features in the Hudson and southern Champlain Valleys, on the other hand, indicate active
ice margin and stagnation zone retreat for the Champlain Valley lobe (Connally, 1970; De
Simone and La Fleur, 1986). The Champlain Valley deglaciated rapidly, and was ice-free
by about 13,000 years B.P. (Connally and Sirkin, 1973).

HISTORY OF ICE-FLOW STUDIES IN VERMONT
Striation patterns have been an important topic of study in Vermont since the early
state surveys of the 19th century. Charles Adams (1846) and Edward Hitchcock and others
(1861) noted the prevailing southeastward trend of striations across the state, though the cause
of the pattern was controversial. Icebergs and "glacio-aqueous" agencies, acting in concert
with epeirogenic movements of the land (submergence and elevation), were favored theories
of 19th century geologists (Upham, 1894). Continental glaciation was widely accepted in the
northeastern United States by the late 19th century, and Charles Hitchcock (1897) synthesized
much of the striation data known at that time in his early description of the "Eastern Lobe" of
the ice sheet. The "Eastern Lobe", now the Hudson-Champlain lobe, was considered as an
eastern counterpart to the glacial lobes of the mid-western United States.
Multiple striation directions in Vermont have generated considerable controversy.
As noted above, Edward Hitchcock (1861), and his son Charles Hitchcock(1904), considered
multiple striation directions near Middlebury Gap as evidence for local glaciation in the
Green Mountains. However, James Goldthwait (1916, p.68) argued that multiple striations,
"though so strange as to excite much speculation in the '60's", could be produced along the
lobate margin of an ice sheet. Stewart and MacClintock (1969) considered multiple
striations as evidence for multiple ice advances across Vermont, both from the northeast
and from the northwest, but this concept has not been substantiated by later workers (Larsen,
1972; Wagner et al., 1972).

RESULTS OF RECENT WORK
Recent mapping has revealed a rather large region of southwest-trending striations
in the Green Mountains extending for at least 60 kilometers along the crest of the range from
Appalachian Gap in the north (44°12'30") at least as far south as Sherburne Pass (43°40')
(Figs. 5 and 6). One of the best and most accessible places to observe the southwest striations
is at Middlebury Gap where they were first reported by Hitchcock and others in 1861 (Fig. 7).
Early attempts to locate striations to the north and to the south of Middlebury Gap were
thwarted by a thick cover of till on the Green Mountain summits (Upham, 1889; Hitchcock,
1904). Much of the present mapping was possible because of recent bedrock exposures on the
Long Trail.
The crest of the Green Mountains in central Vermont lies mainly above 2,000 feet, and

372

C- 1

7 3•

12•

'O

l ...
I

\ \

...
",..

.
.

I

~

\

~

~\I
/

j
I

____

\

1triot1on

Q

kom1- d1lto

'm

moro1n1

/e

11k1r

'

outlet channel

;.:-..:_-..,.drift borders

I

J

col

.t.

Rutland..,,,.

\
2911

j

rid91
summit
(lllV '" f11t)

'

Figure 5. Glacial features in northern Vermont. Southwest striations occur along the crest
of the Green Mountains from Appalachian Gap (AG) south to Shelburne Pass (SP) (MG=
Middlebury Gap) (sources: Stewart and MacClintock, 1970; Connally, 1970; Wagner, 1970).

373

73°

•

Hinesburg

!::

l::i

'Cl..

e:

l::i
~

\.)

.

\ ·

9

«:"
«:"

a

!;!

11

~
/

0
0

IOkm
5 miles

/

~

Contours

Striations
from Stewart S
MacClintock,1970
from Christman
S Secor, 1961

1000'

~ 2000'

/'-..
._/

,----- 3000'
pebble
abundance( 0k)

Figure 6. Topography and patterns of glacial striations in the Green Mountains, central
Vermont. Striation location at dot or arrow; arrows show direction of crag and tail features .
Numbers refer to STOPS in field trip guide. "P" is location of 2 ft. diameter pothole near
summit of Burnt Rock Mtn. (Doll, 1936).

374

C-1

is flanked on the west by the Champlain Valley lowlands, and on the east by th e Ma d River
Valley and the Northfield Mountain s. North -south t rending valleys and ridges are the
products of differential erosion of metamorphic rock s of the Green Mountain
Anticlinorium. The range is breached by the west-flo wing Winooski a nd La moille Rivers
(superimposed drainages), and roughly north -sou th tr en ding tributaries to these rivers form
a crude trellis drainage pattern (Figs. 5 and 6).
The predominant striation direction in northern Vermon t is to the southea st (Figs. 2,
5) except along the very crest of the Green Mountain s between Appalachian Gap and
Sherburne Pass where striations are to the southwest (Figs. 5, 6). Southea st striations on the
highest summits (Mt. Mansfield, Camels Hump, th e Nor thfi eld Mountains, Killington
Peak) are generally oriented S40E to S50E. At lower elevation s, striation directions show
some conformity to valley bottom s (as in the Win ooski River Valley, Fig.6) but striations
may also be oblique to valley trends (as in the Mad River Valley, Fig. 6). Peaks cause some
deflection of ice flow, as at Camel's Hump where flow on the peak is to the southeast, shifting
to east-west in the col about two kilometers to the south.
Southwest striations occur primarily along th e very crest of the Green Mountains and
locally in the Mad River and Champlain Valleys. The boundary between southeast and
southwest-trending striatior.s near Appalachian Gap is abrupt, changing from about S60E
north of the gap to about S70W south of the gap, in a distance ofless than three kilometers.
Following south along the range, the southwest striation direction changes gradually to
about S50W near Middlebury Gap and about S30W near Sherburne Pass (Fig. 5).
Cross-cutting relationships of striatio n s in the vicinity of Middlebury Gap, and at one
locality near Lincoln Gap, show that southwest striations on the crest of the Green Mountains
are younger th an (cut a cross) southeast striation s. This is opposite to what Stewart and
MacClintock (1 969) and Connally (1970) report in the Champlain Valley, where southwest
striations are apparently older than southeast striations. There is no evidence for southwest
movement of clasts in the Braintree indicator fan , located 21 kilometers east-northeast of
Middlebury Gap (Figs. 6 a nd 8).

DISCUSSION
The sequ ence of glacial, or deglacial, events that produced the striation patterns in the
Green Mountains is seemingly complex. The regional pattern of striations in the Green
Mountains, and the dispersion direction of erratics in central Vermont, indicate ice flow to
the southeast from a source area in the St. Lawrence and Champlain Valleys. However, at
least along the very crest of the Green Mountains, from Appalachian Gap south to Sherburne
Pass, south west striations show that the last flow of ice was intQ the Champlain Valley. At
least locally, the ice surface also must have been sloping into the Champlain Valley. Either
there was a local buildup of ice in the central Green Mountains, or a drawdown of ice in the
Champlain Valley. There is no compelling evidence for a local ice cap in this region.
Studies of striation patterns in many areas of northern New England and adjacent
Canada show that local ice flow reversals were common during retreat of the last ice sheet
(eg. Lamarche, 1974; Chauvin et al., 1985; Lowell and Kite, 1986). The mechanism of flow
reversal is mainly related to rapid thinning of ice in ice-streams and ice lobes, especially in
the St. Lawrence Valley. Thinning and drawdown of ice in the Champlain Valley could
account for local reversals of flow to the southwest along the Green Mountain crest, thereby
explaining the localized distribution of the southwest striations immediately adjacent to the
Champlain Valley. At least for a short time there was probably an ice divide in the region of
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Figure 7. Striation patterns in the Middlebury Gap area. Striation location at dot or arrow;
arrows show direction of crag and tail features. Numbers refer to STOPS in field trip guide.
The common occurrence of southeast striations at Middlebury Gap is probably because the
gap is in the lee of significant bedrock knobs to the northeast: Burnt Hill, Silent Cliff and the
Hat Crown.
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the Mad River Valley, with ice flowing both to the southeast and to the southwest. The divide
may have sloped to the south, resulting in the more southerly component of the southwest flow
near Sherburne Pass, but more work must be done in this area. The hypothesis outlined
above is anticipated by the theoretical ice surface reconstructions of Hughes et al. (1985, Fig.
3) in their model for about 16,000 years B.P. showing flow lines diverging to the southeast and
to the southwest in central Vermont.
The hypothesis of ice drawdown in the Champlain Valley, combined with localized
restructuring of the ice sheet, raises a number of important, and as yet unanswered,
questions. Where was the southern margin of the ice sheet when ice flowed southwest into the
Champlain Valley? Did ice in the Champlain Valley remain active after the mountains
became ice-free? Did the margin of southwest flow retreat up the west flank of the Green
-Mountains, contributing sediment to kame deltas in the Champlain Valley (see Connally,
1982), or did the southwest flow stagnate in a "top to bottom" mode, essentially collapsing in
place? Does the "boundary" between southeast and southwest flow directions near
Appalachian Gap represent the southern margin of late-stage ice flowing southeast across
the Green Mountains in northern Vermont? These questions provide the focus for on-going
studies in the Green Mountains.
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ITINERARY
Assembly point is at the U-Haul garage on the east side of Vermont Route 100 at the
junction with the Lincoln Gap Road, located about 19 miles south of both Exits 9 and 10 on
Interstate 89 and about 0.4 miles south-southwest of the Warren General Store. Assembly
time is 9:00 AM. Topographic maps: Warren, Hancock, and Bread Loaf7.5 minute
quadrangles.
Mileage
0.0

STOP 1: The outcrop at the junction of the Lincoln Gap Road and Route 100 shows
striations oriented S43W on stoss surfaces, and meltwater scour on lee surfaces,
probably representing pressure-melting and regelation (freezing) processes at the
base of the ice. These SW striations may or may not be related to SW striations along
the crest of the Green Mountains to the west. Bedrock is Cambrian Pinney Hollow
formation (Doll, 1961).
STOP 2 (Optional): 5.3 miles north of STOP 1 on Route 100, at bridge across the Mad
River, just south of the village oflrasburg. Strong striations to the SE, with large crag
and tails.
STOP 3 (Optional): Follow Lincoln Gap road west from STOP 1 for 2.6 miles. Turn
right just beyond mailbox and brook crossing, follow narrow dirt road to pit.
The Hartshorn pit is located in a small delta on the projected shoreline
(N20W-0.9m/km) of glacial Lake Granville that formed to the north of a 1,410-foot
threshold at Granville Notch. Deltaic topsets consist of 2.0 meters of poorly sorted
pebble gravel with cobbles interbedded with layers of fine sand, medium sand, and
pebbly coarse sand with dune crossbeds dipping south. Deltaic foreset and collapsed
beds are greater than 2.0 meters thick under a trimmed surface and dip to the south.
The foreset beds consist oflayers of poorly sorted fine to medium grained sand and
pebble gravel.
Proceed south on Route 100, from Stop 1.

0.1

Take a right (west) on a small dirt road immediately before (north of) a bridge over
the Mad River. Keep to the right and enter into gravel pit.

0.3

STOP 4: The Don Moore pit is made up of two active faces. The higher northwest face
is about 160 meters (525 ft) long and up to 27 meters (89 ft) high. The lower southwest
face is about 81 meters (265 ft) long. A measured section located near the center of the
northwest face has four main units in a fining-upward sequence that is capped by
colluvium. Unit 1 at the base is poorly sorted pebble gravel with cobbles and is
interpreted to have been formed in a subglacial tunnel that drained south into glacial
Lake Granville.
Unit 2 is 8.7 meters thick and is composed mainly ofinterbedded fine and very
fine sand. Ripple crossbedding dips both to the northeast and southwest. In the middle
of Unit 2 are 1.6 meters of granule to pebble gravel interbedded with fine sand. Unit 2
is interpreted to be proximal lake-bottom sediments deposited near the ice margin.
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Unit 3 is 4.5 meters thick and is composed of fine sand in massive grain flows
interbedded with very fine sand. A-type ripple cross-lamination near th e middle of
several grain flows indicates transport to the northeast. Unit 3 is interpreted to have
been deposited by turbidity currents possibly kicked into action by meteoric events in
tributary valleys to the south or west.
Unit 4 consists of 3.1 meters oflaminated gray silt and orangish-brown to
brown, fine to very fine sand in beds about 1 centimeter thick. Minor crossbeds in fine
sand dip to the southwest. The inferred environment of deposition was the quiet bottom
of glacial Lake Granville when the ice margin was located well to the north. The
depth of Lake Granville was about 115 meters when the uppermost lacustrine beds were
deposited.
The pebble gravel with cobbles that caps the western half of the southwest face
underlies a stream terrace that extends 90 meters to the west. This terrace was formed
after Lake Granville drained and may have been graded to Lake Winooski.
Sediments under the stream-terrace gravels have crossbeds that dip toward SlOW to
S25W, up the Mad River valley. In the past, 2.0 to 3.0 meters of south-dipping trough
crossbeds 20 to 50 centimeters thick were exposed in the southwest face.
Proceed back to Route 100.
0.5

Turn right (south) on Route 100, cross the Mad River.

6.5

Height ofland at Granville Notch. Spillway of Lake Granville at an approximate
elevation of 1,410 feet.

7.2

Potholes(?) in the left (east) wall of the notch.

10.6

Town of Granville. Continue south on Route 100. The valley floor south of Granville
is the outwash(?) plain for glacial meltwaters flowing through Granville Notch.

14.9

Pass outcrop on right (west) side of road, immediately north of the junction of Routes
100and125.

15.0 Turn right (west) onto Route 125 and park on right (market on south side of road).
STOP 5: Outcrop on the west side of Route 100, immediately north of junction with
Route 125. Striations are S50E.
18.0

Pass road to Texas Falls picnic area (nice potholes). Continue west on Route 125.

19.8

Park in pullout on left (south) side of road, immediately uphill (west) of glacially
polished outcrop on right (north) side of road.
STOP 6: Ascend up and to the left (west) of the roadcut about 40 feet to a small slab
showing striations (with stoss and lee) trending east-southeast (S85E) and southwest
(S53W). The SW striations cut across the SE striations.
A section of the old Middlebury Gap Road (?) can be followed from the pullout uphill to
the west for about a half mile. In 1987 a slump along the river exposed laminated silts
and fine sands containing small dropstones.
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Continue west on Route 125.
21.2

Park at the height ofland, Middlebury Gap (elevation 2144 feet).
STOP 7: Hike south on the Long Trail, pass top of ski lift, pass shelter (0.3 miles),
come to ski trail just beyond shelter.
STOP 7A: Good SW striations at top of this ski trail about 150 meters east of Long
Trail. Continue on Long Trail about 0.1 miles to junction, take side trail west for 0.1
miles to to Lake Pleiad.
STOP 7B: South shore of Lake Pleiad, SE striations and grooves (stoss and lee)
crossed by weathered SW striations. Return to Long Trail and continue south. Cross
ski trail and continue upwards. Cross another ski trail.
STOP 7C: Excellent SW striations on ledges, at ski trail crossing. Continue up to top
of spur. Cross two ski trails.
STOP 7D:, Strong SW striations at second ski trail crossing; SW striations
predominate at higher elevations to south along the range. Leave Long Trail and
follow ski lift-line down and west to lookout near Worth Lodge.
STOP 7E: View N of Lake Pleiad and Middlebury Gap. Return to Middlebury Gap.
STOP 7F: Walk north on Long Trail to Burnt Hill, strong striations to the SW.
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STRUCTURE AND l\1ETA1\10RPHISM AT TILLOTSON PEAK,
NORTH-CENTRAL VERMONT

Wallace A. Bothner and Jo Laird
DepartI11ent of Ea11h Sciences
University of New Hampshire
Durham, NH 03824
We wish to dedicate this work to A. H. Ch idester
whose regional mapping of the Tillotson Peak area
provided the basis for this detailed study.

PROLOGUE
TI1e unique occurrence of glaucophane + epidote blueschist and of
eclogite in the U.S. Appalachians hides among trees, nettles, and fems in the
vicinity of Tillotson Peak, Vem1ont (fig. 1). One cannot see these rocks in
roadcuts, or even in outcrops near roads. Consequently, this field trip will be
different from most NEIGC trips. We will make traverses along two brooks
and nearby trails and brush to see the range of rock types and their structural
setting. If the foliage is anything like that when these rocks were stumbled
upon in October, 1973, we should have a beautiful trip. If you come during
the Spring or Summer, bring plenty of bug dope!
GEOLOGIC SETTING
Rocks in the vicinity of Tillotson Peak, Vermont, were· mapped by
Cady et al. (1963) in their study of the ultramafic rocks in northern Vermont.
These ultramafic rocks are within a N-S trending zone on the east limb of the
Green Mountain anticlinorium (GMA) and other Grenville-age basement massifs farther south in the northern Appalachians. They are generally considered
to be ophiolitic fragments emplaced during Taconian closure of the Iapetus
Ocean (Doolan et al. , 1982; Stanley et al., 1984 ). The largest exposure of
ultramafic rocks is at Belvidere Mountain (Chidester et al. , 1978; Gale, 1986),
the southern margin of our geologic mapping.
Laird and Albee (198 l a) discovered high-pressure facies series mafic
schist within the Belvidere Mountain Amphibolite Member of the Hazens
Notch Formation (nomenclature from Doll et al., 1961) at Tillotson Peak.
Farther south and east of the GMA Laird and Albee (1981 b) reported mediumhigh-pressu re facie s series mafic schist within the Hazens Notch,
Ottauquechee, Stowe, and Pinney Hollow formations (fig. 1; Laird, this volume). West of the GMA Laird and Albee (1981b) and Laird (this volume) reported medium-high-pressure facies series metamorphism in the Pinnacle
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FIGURE 1.

GEOLOGIC MAP OF THE TILLOTSON PEAK AND HAYSTACK MOUNTAI N AREA
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Fonnation and medium-pressure facics series metamorphism in the Hazens
Notch and Underhill fom1ations.
Laird et al. (1984) reported a total fusion 40/39 Ar glaucophane age of
468+-6.4 Ma at Tillotson Peak and a total fusion 40/39 Ar barroisite age of
490 +-8.0 Ma at Belvidere Mountain. The glaucophane age is consistent with
other 40/39 Ar total fusion and step-wise heating ages in northem Vem1ont and
farther south in the northern Appalachians that indicate Taconian
metamorphism at 465+-l 0 Ma (see Sutter et al., 1985 for a recent summary of
isotopic data). Laird et al. (1984) suggested that the older age at Belvidere
rvlountain may mean that these rocks were metamorphosed before being
emplaced tectonically, consistent with the subsequent mapping of Gale (1986)
where the dated mafic unit is interpreted as being fault-bounded.
As discussed by Cady et al. (1963) the structure of the Tillotson Peak
area is distinct in that E-vV folds are preserved. These are not unique in the
Taconian regions of Vem1ont nor in Grenville basement rocks, but they are
unusual in that the dominant folds in Vem1ont are generally N-S. The reasons
for these distinct orientations are speculative and include fold interference by
yet undefined E-W graben structures in the underlying, presumably Grenville
basement (Cady et al., 1963), oblique collision towards a relict failed arm (the
Ottawa graben) or aulacogen (Doolan et al., 1982), and rotational foldthrusting caused by large included masses (like the Belvidere ultramafic body,
or seamounts; Bothner and Laird, 1986). A recent observation by Doolan
(oral communication, 1987) that E-W folds seem al ways related to large·
ultramafic bodies in both the U. S. and Canadian Appalachians warrants
further consideration.
To understand the structural setting of these high-pressure facies series
rocks, we have mapped the Tillotson Peak area at a scale of 1:10,000 and have
expanded earlier structural, petrologic, and isotopic studies to provide a basis
for interpreting the tectonic history and evaluating the emplacement hypotheses
(Cady et al., 1963; Doolan et al., 1982; Stanley et al., 1984; Stanley and
Ratcliffe, 1985) of this vestige of the Iapetus Ocean.
LITHOLOGIES
The Tillotson Peak area is composed primarily of mafic schist referred
to as the Belvidere Mountain Amphibolite Member of the Hazens Notch
Formation (Doll et al., 1961). The mafic rock that crops out along Traverse 1
(Lockwood Brook and north, fig.1) is typically dark blue gray, fine- to medium-grained, massive to schistose amphibolite with epidote +garnet porphy-
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roblasts + chlorite + titanite + magnetite + gold-colored sulfide. Phengitic
muscovite, plagioclase, and quartz are not uncommon. Calcite and/or dolomite
and paragonite occur locally. Three amphiboles are seen in thin section:
glaucophane, barroisite, and actinolite (see section on metamorphism).
+ garnet occur
Glaucophane is widespread in the Tillotson area; omphacite
locally (Fig.I). Neither glaucophane nor omphacite is easily recognized in
hand specimen, or in thin section for that matter, because they are generally
very pale lavender and pale green, respectively (due to low Fe3+ content).
Farther north, Cady et al. (1963) mapped another mafic unit that they
distinguished as the amphibolite member of the Hazens Notch Formation.
This rock will be seen on Traverse 2 (Eclogite Brook, fig. I). We do not see
any lithologic differences between these rocks and those previously mapped as
the Belvidere Mountain Amphibolite. Our mapping shows that they are the
same unit as foreseen by Cady et al. (1976, p. B-I3), repeated by folding (and
thus further ornamenting the "Trilobite"). Amphibolites mapped farther north
than the Hazens Notch road (VT Route 58) contain neither glaucophane nor
omphacite; garnet is replaced by chlorite.
Within the mafic rocks are interlayers of silver gray, medium-grained
pelitic schist containing white mica+ quartz+ chlorite +- garnet+- plagioclase, and often glaucophane altered to a fine-grained symplectite. Both
phengitic muscovite and paragonite occur. Chloritoid is rare. Some of these
layers are thick enough to be mapped at a scale of I :I0,000 (fig.I). We will
see infolded mafic and pelitic schists on both traverses.
The Hazens Notch Formation as defined by Cady et al. (1963) is typically brown-weathered, gray, medium-grained graphitic and non-graphitic
schist with plagioclase porphyroblasts, white mica, quartz, chlorite, and goldcolored sulfide. Magnetite and polycrystalline quartz lenticles are common
north and east of Tillotson Peak. In several places (eg., along the Long Trail
between Tillotson Camp and Belvidere Mountain), the carbonaceous Hazens
Notch Formation is distinctively black and orange weathered pelitic schist with
white mica + quartz + plagioclase porphyroblasts + titanite + graphite. It has a
strong C/S shear fabric and no obvious layering.
Cady et al. (1963) mapped "albite gneiss" at the contact of the Belvidere
Mountain Amphibolite and the carbonaceous schist typical of much of the
Hazens Notch Formation. This unit is massive to schistose and mediumgrained with light gray plagioclase (probably all albite) +quartz+ epidote +garnet+- magnetite layers and green chlorite-rich layers. Piemontite occurs at
Lockwood Brook and at several other nearly inaccessible areas (but on strike
with the Lockwood occurrence). Chloritoid occurs on Traverse 2. We prefer
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not to use the term "gneiss" for this rock, inspite of its obvious compositional
layering and frequent development of plagioclase porphyroblasts (in both
felsic and pelitic layers), but rather a feldspathic metawacke. In most
outcrops, the nature of the layers and the degree of deformation (excellent fold
preservation) suggest that the layers represent original bedding.
Sparse layers of pelitic schist with knots of magnetite and quartz occur
in Lockwood Brook at the beginning of Traverse I and also near Traverse 2.
We wonder if these represent futile attempts at the formation of iron formation. Similarly, garnet-rich layers commonly seen in some mafic rocks
suggest coticules (Mn-rich coatings on original basalt or mafic tuff deposits).
Ultramafic rock crops out as isolated lenses along the contact of the
Belvidere Mountain Amphibolite and the feldspathic metawacke in several
localities. The rocks are generally strongly sheared and are composed primarily of serpentine+ talc+ carbonate with knots of actinolite and chlorite.
Little of the cross-fiber serpentine of the types observed in the Belvidere
Mountain ultramafic body is present.
STRUCTURE
The Hazens Notch Slice of Stanley and Ratcliffe (1985) consists of
mafic and pelitic schists and feldspathic metawacke of the Hazens Notch
Formation, in and near its type locality at Hazens Notch (Cady et .al, 1963).
These rocks are multiply deformed. We recognize two clear folding episodes
within the 'Hazens Notch package and infer a third based o~ map pattern.
Faulting within the Tillotson - Haystack region is locally important, but
through-going faults have not been clearly established.
The dominant foliation, Si, is for most rocks a transposition surface
that is interpreted to parallel or closely parallel original lithologic layering and
is axial planar to small isoclinal folds (FI) variably preserved in mafic schists
and feldspathic metawacke. Presumed original layering (S 0 ) is locally
preserved in the coarser feldspathic metawacke as 2 to 5 cm thick layers,
some possibly graded, and as strong compositional layers of alternating garnet
(the "coticules") and of amphibole in mafic rocks. St is refolded about
approximately east-west axes into nearly reclined mesoscopic, and inferred
macroscopic folds, that produce the overall map pattern (F2). That pattern
closely resembles Type 2 interference folds of Ramsay (1967). Outcrop-scale
mesoscopic nearly reclined folds are best represented by mafic schist along the
southern contact of the mafic rocks comprising Tillotson Peak in and near
Lockwood Brook, west of Haystack Peak on the ridge toward Burnt
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Mountain, and in feldspathic metawacke along the Long Trail approaching
Haystack Peak from the south (fig. I).
F3 is a broad, open macroscopic antiform, referred to by Cady et al.
(1963) as the Gilmore anticline. No mesoscopic structures have been recognized that can be directly tied to this regional fold. Its confirmation is supported by comparison of the trends and plunges of F2-fold axes from the
Lockwood Brook area to the south and the Eclogite Brook area to the north.
Those data are presented as equal area plots in figures 4 and 5 and clearly
show that the different orientations of the same structures from the Lockwood
Brook area and the Eclogite Brook area are related by a simple north-trending
regional fold.
S2 is a crenulation cleavage best developed in mafic schist and weakly
developed in feldspathic metawacke. Pelitic schists occasionally contain this
surface. It is approximately axial planar to F2 mesoscopic reclined _folds. The
intersection lineation (Le) formed by this cleavage trends approximately
parallel to reclined fold axes, but does show a spread that is consistent with
later folding about a north-south axis as suggested above. Preferred orientation of amphibole is often well-developed in mafic schists (Lm). Mullion
structure is locally well developed in some of the feldspathic inetawacke near
contacts with mafic and ultramafic rock.
Contacts between mafic schist and feldspathic metawacke in the
Tillotson area are locally marked by discontinuous ultramafic bodies (Long
Trail south of Tillotson Pond, Haystack Peak, and Eclogite Brook, for example). Foliation is typically parallel. Contacts between mafic rock and intercalated pelitic schist are gradational within the Tillotson Peak - Haystack area
and suggest original (but likely modified by internal shear during folding)
layering. Strong C/S shear fabrics are observed most commonly in areas
underlain by carbonaceous, orange-weathering pelitic schists of more typical
Hazens Notch Formation south of the mafic mass that comprises Tillotson and
the area including Hazens Notch. These rocks generally separate the areas
dominantly underlain by mafic schist and feldspathic metawacke and appear to
"confine" the distribution of glaucophane and omphacite bearing assemblages.
We suggest that this unit marks the position of one or more faults, the full
extent of which awaits further analysis.
The overall distribution of intercalated mafic and pelitic schist, feldspathic metawacke, and carbonaceous pelitic schist of the Tillotson - Haystack
area confirms the general east-west structural form originally defined by the
mapping of Cady et al. (1963). Several smaller ultramafic bodies have been
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recognized along the contact between mafic schist and "albite gneiss." A
significant difference, however, is the recognition that Tillotson is underlain
by a complexly refolded system rather than the simpler doubly plunging
syncline of Cady et al (1963). In adition, tectonic contacts separate carbonaceous pelitic schist and fcldspathic metawacke and separate felds pathic
metawacke and mafic rock that dominate this region. The latter is marked by
ultramafic slivers in several places. Mafic and pelitic rocks within the main
mafic mass are intercalated, and the gradational contacts commonly separating
them within single outcrops argue effectively that they were originally
deposited together. Equally important is the observation that the feldspathic
metawacke and intercalated mafic and pelitic schist record the same
metan1orphic history.
METAMORPHISM
Glaucophane is abundant in mafic, pelitic, and felsic rocks from the
Long Trail between Lockwood and Eclogite brooks and east to North Road
(fig. I). Mineral assemblages could have fom1ed in equilibrium with different
assemblages distinguishing differences in bulk rock composition (fig. 2A).
Equilibrium is not attained on a thin section scale, however, and a record of
the pressure-temperature path of many samples is nicely preserved.
At Lockwood Brook (Traverse I) and several other localities barroisite
is present only as inclusions in garnet and as cores of amphibole grains with
actinolite rinls (Laird and Albee, 198 Ia, Plate IB; Laird and Bothner, 1986,
fig. B-6). Based on theoretical, empirical, and experinlental considerations
(Laird, 1986), this relationship implies a decrease in metamorphic temperature
with tinle. The pressure must still have been reasonably high (> 7 Kbar using
fig. I I, Maruyama et al., 1986) as glaucophane appears to be stable with
actinolite.
Later retrograde metamorphism caused alteration of glaucophane and
omphacite to fine-grained symplectite (Laird and Albee, 198 I a, Plate IC).
Gamet was altered to chlorite. This alteration is pervasive east of the Gilmore
antiform and near Hazens Notch Road. Thin sections of samples from
Traverse 2 shown this retrogradation.
Omphacite inclusions in garnet from Traverse 2 (E, fig. 2A) record increasing pressure with increasing temperature. From garnet cores to rims
temperature-pressure estimates based on the garne t-clinopyroxene
geothermometer and on isopleths of the reaction albite = jadeite + quartz (fig.
3) are 380° C, 9.5 Kbar to 550° C, I2.5 Kbar. Gamet rims and omphacite
grains adjacent to garnet give temperature and pressure from 540° C, I 2.5
389

AF 20 3 - 3/4Ca0

A.

w

l.D

0

FIGURE 2. Electron microprobe mineral compositions in mafic schist projected from epidote onto
(Al o + Fe 0 ) - Na o - (FeO + MgO + MnO) in mol% units. Bold lines show variation in mineral
2 3
2
2 (Ch), glaucophane (Gl), omphacite (Om), barroisite (Ba) to actinolite (Ac) ,
composition
chlorite
and garnet (Ga). Arrows indicate core-to-rim zoning in Om and Ba to Ac. (A) shows mineral
assemblages from: E (Eclogite Brook), F (Frank Post Trail), L (Lockwood Brook), P (Tillotson Pond) ,
T (Tillotson Peak), and W (west of Long Trail, fig. 1). Tie lines to garnet are omitted for
clarity. (B) shows mineral compositions from Calavale Brook. Gl and Ba are glaucophane and
barroisite compositions for reference. Other abbreviations: Ab (albite), Pa (Paragonite) .
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Kbar to 590° C, 13.5 Kbar. Omphacite +garnet asemblages fro m Traverse 1
give 520° C, 12 Kbar to 540° C, 12.5 Kbar. A lower temperature is given by
gan1et and omphacite at W (fig. 1): 440° C, 10.5 Kbar to 500° C, 11.5 Kbar
(fig. 3). These data imply that the highest grade of metamorphism was perhaps 50° C and 1 Kbar greater at Lockwood Brook than at Wand at Eclogite
Brook than at Lockwood Brook.
Pelitic schist intercalated with feldspathic metawacke west of Eclogite
Brook within the same (or similar) coarse-grained epidote layer seen at
Eclogite Brook is composed of muscovite + quartz + garnet + paragonite +
glaucophane (altered to fine-grained symplectite) + chlorite + epidote.
Chloritoid occurs as inclusions in garnet only. The minimum temperature of
metamorphism given by the reaction chloritoid + albite = paragonite + garnet+
H20 is about 440° Cat 10 Kbar (Ghent et al., 1987). Kyanite is not observed,
indicating that the maximum temperature of metamorphism is less than that for
the reaction chloritoid +quartz= kyanite +garnet+ H20 (567° C at 10 Kbar;
Ghent et al., 1987). Chloritoid pseudomorphed by white mica and garnet
pseudomorophed by chlorite occur in metawacke seen on Traverse 2 (stop 8).

The pressure of metamorphism is constrained by the reation paragonite
+ chlorite = chloritoid + glaucophane. Brown and Forbes (1986, fig. 14)
show this reaction at about 13 Kbar, 450° C and 15 Kbar, 550° C. If
chloritoid and glaucophane coexisted, the pressure of metamorphism was
above this reaction and the metamorphism was similar to high-pressure
metamorphism seen in the Sesia Zone, Italy, and the island of Sifnos, Greece
(see the compilation of mineral assemblages by Brown and Forbes, 1986, fig.
14 and references therein). If chloritoid and glaucophane were not stable, the
pressure was below this reaction and the metamorphism was similar to that
seen in the omphacite-zone metasedimentary rocks from New Caledonia
described by Ghent et al. (1987 and references therein). Glaucophane +
chloritoid do coexist in pelitic schist from the Long Trail north of Tillotson
Pond.
Within the errors caused by interpreting equilibrium mineral compositions in retrograded rock, by using mineral equilibria calculated for minerals
of different composition from the Tillotson area (pelitic schist and metawacke)
and by having to use experimental data obtained at much higher temperature
and pressure (gamet-clinopyroxene geothermometer, mafic rocks), the mafic,
pelitic, and felsic rocks were metamorphosed at the same pressure and
temperature.
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Eclogite Brook
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pyroxene outside
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TEMPERATURE

_-rI -

Lockwood Brook
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FIGURE 3. Intersection of garnet - clinopyroxene geotermometer
of Ellis and Green (1979) and isopleths on the albite =
jadeite+ quartz geobarometer of Holland (1979, 1980). Arrow
for Eclogite . Brook is based on coexisting compostitions obtained
by electron microprobe analysis of omphacite included in garnet
and of omphacite outside of, but adjacent to, garnet.
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West of Hazens Notch and Tillotson in structurally higher rocks glaucophane is rare and amphibole is generally actinolite. Omphacite has not been
observed. 111e presence of actinolite rather than barroisite or glaucophane in
amphibole + chlorite + epidote + plagioclase + quartz schist indicates lower
grade metamorphism from rocks to the east. Figure 2B shows that the mafic
assemblage from Calavale Brook (fig. 1) could form by the breadown of
glaucophane or barroisite.
SPECULATIONS AND ARM-WAVING
Taconian high-pressure facies series mineral assemblages in mafic and
pelitic schists and metawackes of the Hazens Notch Formaton are preserved
in a very restricted area between Tillotson Peak and Hazens Notch. Early
isoclinal folding (FI) appears to correlate with the development of glaucophane + omphacite + barroisite (often in cores of garnet) in rocks of appropriate composition and record increasing P suggestive of crystallization in the
down-going slab. A geothermal gradient estimate of 12 -14° C/km (fig. 3) is
consistent with Newton's (1986) estimates for Paleozoic, Mesozoic, and
Cenozoic subduction environments. Nearly reclined folding (F2), largely responsible for an unusual Type 2 fold interference map pattern, postdates Fl
(by how much is unresolved, but probably not long) and correlates with the
development of glaucophane + actinolite in the same rocks.
Rapid ascent at least through the '500° C isotherm (to prevent complete
retrogradation of glaucophane and omphacite) probably along west directed
thrusts are inferred to occur within the Hazens Notch Slice in this' area. The
apparent replacement of high-pressure facies assemblages by medium-high
(and lower) pressure facies series assemblages to the north and west of
Hazens Notch and south of Tillotson Peak (including Belvidere Mountain)
may reflect in part those emplacement surfaces (stongly sheared, carbonaceous
pelitic schists). Alteration may also be related to the formation of the Gilmore
antiform (F3) and to structurally higher positions to the west.
The origin of the east-west folds within the Hazens Notch Slice remains
a delightful puzzle. Consideration of the various published hypotheses
reviewed earlier in this manuscript leads us to favor the involvement of an
irregular western Iapetan shelf edge underlain by Grenville basement during
the final stages of Taconian closure.
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ITINERARY
Assembly points : (a) Entrance to Elmore State Park, on Vermont Route
12, Elmore, Vermont at 8:30 am and/or (b) Eden General Store at the intersection of Vermont Route 100 and North Road at 9 am. Topographic maps:
Jay Peak 15' or Lowell 7 .5' quadrangles.
Mileage
0.0

Eden General Store, intersection of Route 100 and North Road
Take North Road.

1. 7

View of Belvidere Mountain, Eden and Belvidere asbestos
dumps to the west. Chidester et al. (1978) present detailed
maps and discussion of this ultramafic body. Gale (1986)
presents alternative arguments for the emplacement of this
body and associated mafic and pelitic rocks.

3.7

Entrance to the Belvidere Mountain asbestos mine (Vermont
Asbestos Group, VAG). Dumb and open pit are obvious.
Belvidere Mountain amphibolite is exposed beneath the fire
tower (490+-8 Ma, Laird et al., 1984).

5.2

Dirt road (driveway) to the left (west) to the base of the
Frank Post Trail.

5.7

Park beyond Jack Stark's house on the old logging road
heading north. The trail head west initially parallels
Lockwood Brook. Follow the hike to Tillotson Camp and
bring your lunch.
LOCALITY 1 - LOCKWOOD BROOK TRAVERSE

Beginning at an elevation of -1370 ft, follow the Frank Post Trail (blue
blaze) initially NW along an old logging road. The hike to the first outcrop
will take about an hour. Above about 2000' outcrop is very good. The pace
and compass map in Figure 4 will help locate several numbered crops discussed below in Lockwood Brook, in the Frank Post Trail, at Tillotson Camp,
and along the Long Trail.
Approximate distance from base and elevation (in feet)
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FIGURE 4.

PACE AND COMPASS MAP OF THE LOCKWOOD BROOK AREA
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500 (-1410') Fork in trail. Keep right, away from the brook; follow the
blue blaze.
2950 (-1650') Trail intersects and crosses a small brook.
6235 (-2000') Large tree across trail.
Continue uphill on Frank Post Trail and take either Route A or Route B
to Lockwood Brook. The routes are marked for this trip.
6780 (-2100') Route A. The trail reaches a fairly open, flat area at the base of
a steep section of trail. There is a small drainage coming in from the north.
Two downed trees may still be apparent. A rock in the trail is marked by two
arrows pointed SW. Proceed into the woods -S20W, 330' to Lockwood
Brook at the base of STOP 1
7030 (-2150') Route B. A rock with a blue blaze in the trail is marked with
an arrow pointing SW and labeled 84-10. Proceed into the woods about 100'
-S20W to Lockwood Brook near the top of STOP 1
STOP 1. (-2030') Continuous outcrop in stream for about 300'. Rock is
usually very slippery.
The rock is primarily gray-brown weathered, bluish gray-green, well
layered(< 1 cm to -10 cm), massive to foliated, fine- to medium-grained amphibolite composed of amphibole +carbonate+ chlorite + epidote +garnet+
plagioclase + titanite + phengite + magnetite + apatite +- omphacite +- pyrite +chalcopyrite. Representative mineral analyses are given in Laird and Albee
(1981a, ABMlOO) and Laird and Bothner (1986, Table B-3A). Glaucophane
occurs in most samples and is commonly pseudomorphed by a fine-grained
symplectite composed of chlorite + plagioclase + white mica + calcic
amphibole. Omphacite occurs locally (eg., 25' up from the base of the
exposure and at the top of the falls and is also pseudomorphed by a finegrained symplectite.
Also present at this outcrop are minor pelitic layers. A 35 cm thick layer
near the bottom of this outcrop contains garnet porphyroblasts up to a cm
across. Above this layer is a -40 cm thick layer of phengite + quartz + garnet
+ chlorite + titanite + magnetite + apatite +- glaucophane schist with black,
pod-like masses flattened in the plane of foliation. These pods (clasts?) are
composed primarily of magnetite + quartz + plagioclase and may represent
iron-rich concretions. Epidote here and along strike is locally Mn3+-rich
(piemontite ).
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·Multiple periods of mineral growth ~md of defornrntion are nicely shown
in this outcrop. Zoned amphibole with barroisite cores ove rgrown by rims
zoned outward from actinolite to actinolitic hornblende record a decrease in
temperature followed by an increase in temperature of metamorphism. If
omphacite formed at the same time as barroisite, the first period of
metamorphism is estimated to have occurred at about 500°C and 11 kbar based
on garnet - pyroxene geothermometry and isopleths on the reaction albite =
jadeite + quartz (Fig. 3). The compositions of barroisite and glaucophane
and of actinolite and glaucophane may define miscibility gaps. One sample of
pelitic schist contains inclusions of glaucophane within garnet. Fine-grained
pseudomorphs may thus be after glaucophane. Alternatively, these
pseudomorphs may have replaced barroisite, perhaps explaining why
discontinuously zoned garnets in this san1ple have Ca-richer rims than core.
Over this nearly continuous outcrop, layering attitudes remain fairly
constant. Early FI isoclinal folds occur locally on surfaces normal to layering.
\Varps in the mineral lineated main foliation are related to mesoscopic F2 reclined folds. At the top of STOP 1 layering in mafic schist is locally discordant, a feature noted at several other places in the region , that may be interpreted as a premetamorphic fault or an originally cross-cutting relationship.
Continue upstream: at -2230', about 200' from the top of the falls at
STOP 1 and -100' SW of the brook, is an outcrop of layered, schistose feldspathic metawacke composed of albite + quartz + chlorite + epidote + white
mica + magnetite + biotite with probable pseudomorphs of glaucophane.
Darker colored layers are more chlorite rich, commonly with better· developed
S2 crenulation cleavage than the more felsic layers. The trace of this contact,
not exposed here, is marked farther upslope and on the Long Trail by an
ultramafic sliver (STOP 6) that suggests a fault.
STOP 2 (- 2400', about 800' from the top of the falls at STOP 1). Well
exposed contact between mafic and pelitic rocks . Series of outcrops in brook
of infolded steel blue-gray, massive, fine-grained amphibolite and orangebrown weathered, dark gray pelitic schist. Mafic layers include the
assemblages: glaucophane + carbonate + chlorite + epdiote + garnet + quartz
and actinolite + glaucophane + epidote + garnet + quartz + titanite +- chorite,
carbonate, and gold-colored sulfides. Pelitic layers contain white mica+ garnet
+ quartz + glaucophane + titanite +- chlorite, carbonate, tourmaline, and
epidoite.
The contact between mafic and pelitic schist from here upstream is
everywhere parallel and assumed conformable. This pelitic schist is commonly
intercalated with the mafic schists and is more or less traceable around
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Peak (Fig. 1). Both rock types are folded about F2
nearly reclined character is apparent at this stop.

(~EW,

see Fig. ) whose

Return to Frank Post Trail via a side drainage (' 170', 'N20E) in which
brown-weathered, sheared amphibolite is exposed. Follow the trail to about
2480'.
STOP 3 (~2480') Several outcrops of brown-weathered, gray-green, medium- to coarse-grained, massive to schistose amphibolite composed of amphibole, garnet, epidote, titanite, quartz, chlorite, and, locally, glaucophane.
Amphibole is distinctly coarser grained than seen at STOPS 1 and 2. It is
generally zoned with magnesio-hornblende cores and actinolite rims (F, fig.
2A). Compositions are similar to zoned amphibole seen in the tributary above
STOP 2, but amphibole and chlorite are more Mg-rich and glaucophane, white
mica, and magnetite are less abundant.
Several mesoscopic F2 folds are exposed in the ledges 100-200' NE of
the trail that support the presence of a macroscopic WNW-plunging, approximately reclined fold (see Fig. 4). Crops here occur on the "upper" limb.
On to Tillotson Camp. We will try to point out two key outcrops within about
300' of the camp where the Post Trail crosses small ledge-bounded tributaries.
At the first "crossing", well-preserved (though weathered) Fl isoclinal folds
are refolded about broad open warps on the upper limb of an F2 fold. Please
use a camera, instead of a hammer. At the second, intercalated mafic, pelitic,
and an unusual green, coarse-grained, crenulated chlorite schist are exposed.
STOP 4 Tillotson Camp (2560'; MAGNIFICENT VIEW AND SOME FINE
SITTING SPOTS FOR LUNCH HERE OR AT THE POND). Outcrops at
Tillotson Camp are gray weathered, medium-grained glaucophane +
calcic/sodic-calcic amphibole + epidote + garnet + white mica + titanite +
quartz + apatite +- carbonate +- plagioclase schist. The rock is well foliated
and contains well developed S2 crenulation cleavage. Early Fl isoclinal folds
are exposed on the east facing joint surface below the camp. Because this
outcrop is right on the camp site, PLEASE DO NOT SAMPLE IT. The same
mineral assemblages occur at previous stops and in other outcrops in the
immediate vicinity.
Join the Long Trail "behind" the camp (near the "facilities", if needed)
and walk southwesterly roughly along the upper reaches of Lockwood Brook
to Tillotson Pond. Minor intercalations of pelitic schist occur within the
dominant mafic schist.
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STOP 5 Tillotson Pond. Cross over (with some care) an occasionally precarious beaver dam to small but important pavement outcrops on the east shore of
the pond. Light gray weathering, strongly lineated schistose amphibolite
containing glaucophane + epdiote + garnet+ chlorite + titanite +pyrite is intercalated with silvery pelitic schist and thin pale pink layers with fine-grained
garnet. Pink garnet layers are considered good examples of coticules and may
represent metamorphosed Mn-chert. SI dips shallowly to the west; west
plunging minor F2 folds "decorate" the pavement outcrop. No hammers
please.
An outcrop hiding in the brush contains epidote + glaucophane + omphacite + quartz + dolomite + calcite + titanite + magnetite + apatite + chalcopyrite (P, fig. 2A).
Time and interest pem1itting, we will continue another 1000' or so south
along the Long Trail towards Belvidere Mountain across a number of small
crops of intercalated mafic and pelitic schist until a small crop of serpentinized
ultramafic is reached (thanks in large measure to the loss of a large tree).
STOP 6 The ultramafic marks the contact between the Tillotson "mafic mass"
and coarse, frequently well-layered felsic metawacke. The ultramafic is
typically light brown-gray weathering, bluish-black calcareous serpentinite and
is strongly sheared. To the north gray-brown weathered, blue-gray mediumgrained porphyroblastic garnet amphibolite with glaucophane +- omphacite
crops out. The garnets, some 1 cm across, contain glaucophane inclusions.
"Structurally above" the ultramafic (to the south) medium- to coarse-grained,
layered feldspathic metawacke (quartz+ plagioclase +white mica+ chlorite +
epidote + piemontite + biotite + magnetite + apatite) is in contact with the
serpentinite. The north-facing surface of this crop can be followed 50 - 60 feet
along strike to the west where actinolite knots up to 25 cm across and irregular
crinkled actinolite + chlorite-rich folded layers occur. We interpret this surface
as a fault.
Return to Tillotson Camp and follow the Frank Post Trail to the vehides.
6.2

Intersection of Stark driveway and North Road. Tum left
(north)

9.7

Intersection North Road and Vermont Route 58, Hazens Notch
Road. Tum left (west) toward Hazens Notch. Several dirt
roads will join from the northside ...... stay on Route 58
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13 .4

Tum left on logging road, just (0.05 miles) east of the Lowell/
Westfield town line and a road to the north to McAlllister
Pond.

13.55

Park somewhere in the "staging area" at the end of the road
LOCALITY 2 -- ECLOGITE BROOK TRAVERSE

Figure 5 is a pace and compass map of the Eclogite Brook locality
(informal usage, and unlikely to be adopted by local residents). We will follow the main haulage road to examine recently exhumed pavement outcrops of
intercalated mafic and pelitic schists (some with large, abundant epidote
porphryoblasts) and feldspathic metawacke, then follow the brook to see
sheared ultramafic rock at the contact with mafic and pelitic schists, and finally
layered (in a small stream outcrop) eclogite intercalated with porphyroblastic
garnet pelitic schist.
STOP 7 (~1000' up the logging road, elevation '1710') Base of nearly 200'
continuous pavement consists of intercalated brown-gray weathered, mediumto coarse-grained quartz+ plagioclase +garnet+ gold-colored sulfide schist,
with abundant quartz veins, and dark green chlorite-rich layers that are tightly
folded. Gamet is altered to chlor_ite. Shallow dipping, isolated boudin-like
masses (canoes) of thinnly layered mafic schist occur within this rock. Epidote
knots 5 -15 cm long parallel S1. The mafic layers are generally brown
weathered, blue-gray, fine- grained, massive to weakly layered with abundant
magnetite euhedra. A coarse-grained layer composed primarily of epidote and
amphibole poses the question of a layered mafic intrusion as possible protolith,
but there remains no obvious discontinuity. The amphibole is barroisite with
altered cores of probable glaucophane. Coarsely crystalline epidote-rich rock
(J, fig. 1) is also exposed just east of the Haystack and is considered
correlative with the rock here.
STOP 8 (' 1370', elevation' 1775'; about 100' along a due west stretch of the
road) Blasted "roadcut" and pavement crop of brown-gray weathered, light
gray, medium-grained white mica + porphyroblastic plagioclase + quartz+
chloritoid (in thin section) schist with garnet porphyroblasts partially altered to
chlorite. Early layering (So?) is neutrally folded and cut by clear AP cleavage,
which we interpret here as S 1 because of its parallelism with the contacts with
nearby mafic rocks. Plunges to the east and northeast are common in this area.
Open flexural F2 folds involving both mafic and felsic rocks occur a short
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PACE AND COMPASS MAP OF THE ECLOGITE BROOK AREA
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distance to the northeast in the woods and are correlated with the reclined folds
at locality 1.
The contact with very fine-grained, mafic schist with small quartz pods
and very thin (<5mm) light green epidote layers (laminations?) occurs in the
logging road about 20' to the west. The foliation in both units is parallel. This
unit is traceable along strike into Eclogite Brook.
At the crest of the road, where a less obvious skidder trail enters from
the north, is an outcrop of thinnly layered, massive mafic schist with a series
of climbing small-scale F2 folds that have a mullion-like appearance.
Crenulation cleavage intersections define lineation that is subhorizontal and
parallel to the northeast-trending fold axes. Thin epidote-rich layers enhance
the layering character of this rock. Garnets are sparse in some areas but may
be c.oncentrated in thin layers suggestive of coticules.
Continue along the main road to the stream. Head downstream about
300'
STOP 9 (elevation - 1810') Intercalated mafic and pelitic schists in the main
drainage are broadly warped about northeast-trending and shallowly plunging
F2 axes (see Fig. 5). These rocks contain the same assemblages as those
exposed at STOPS 7 and 8.
Along a small distributary to the south is exposed strongly sheared
talcose serpentinite that occurs approximately along the contact with the intercalated pelitic and mafic schists and more massive feldspathic metawacke
exposed downstream. The serpentinite marks a similar fault boundary to that
exposed on the Long Trail south of Tillotson Pond.
Return to the main haulage road (upstream) and either continue upstream
along the stream or follow that logging road approximately parallel to the
stream for about 800'. A red flag marks a tum north to the stream and the
eclogite outcrop. Crops in the stream of dominantly mafic schist with some
intercalated garnet and nongamet bearing pelitic schist are infolded.
Schistosity is folded about gentle east-plunging F2 axes. A late right-lateral
fault offsets mafic and pelitic layers by about a meter.
STOP 10 (elevation ' 1920') Small outcrops of type C eclogite and porphyroblastic garnet pelitic schist. Brown weathered, silvery-gray, medium-grained
pelitic schist with garnet porphyroblasts 1 to 1.5 cm across crops out on the
south side of the stream. In thin section, garnets are rotated and contain
inclusions of probable glaucophane. Foliation surfaces are coarsely crenulated
with subhorizontal EW lineation. The attitude is parallel to foliation in the
eclogite.
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The dark gray-green to brown weathered, dark blue-gray, well-layered,
medium-grained amphibole +garnet+ white mica+ omphacite schist provides
important information on the pressure-temperature path of this rock (see
metamorphism section). Omphacite occurs in thin green layers adjacent to
garnet rich layers. Garnets are choked with inclusions of epidote, titanite, and
omphacite.
The contact between the pelitic schist and eclogite is covered by about a
meter of stream debris. The foliation in the two is, however, parallel and we
consider this to be a conformable contact. To the south the pelitic schist is
intercalated with mafic schist. To the north sparse outcrops of mafic rock
occur, with one small "skidder crop" of ultramafic between the last occurence
of mafic and the first occurence of pelitic schist, a relationship not unlike that at
STOP 9, or at STOP 6 earlier in the day.
The easiest route back to the vehicles is about a 100' jaunt to the south
where we intersect the main haulage road, and head downhill. A few crops of
folded mafic schist occur in the "trail."
Leave the parking area, tum right (east) onto Hazens Notch Road (Route
58) to the center of Lowell and Route 100 or left (west), through the Notch,
and to Montgomery Center. From there, you're on your own. Have a safe
trip home.
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I NTRODUCTION
The Champlain Valley is the type-localtiy for the
Beekmantown Group (Clarke and Schuchert, 1899), originally
called the Calciferous Sandrock (Eaton, 1824; Emmons, 1839,
1842, 1855; Brainerd and Seely, 1890a, b). These units are
the Lower Ordovi cian ca rbona te-elastic sequence of the
Appalachian miogeosyncline (Ulrich and Schuchert, 1902;
Ulrich, 1911, 1913; Schuchert, 1943). Despite considerable
geologic work for more than 150 years, the internal stratigraphy of the Beekmantown gr oup is still in dispute. This
field trip will visit some localities where the stratigraphic and temporal relations of the middle Beekmantown
can be established (fig. 1 ).
Al though mapped by the early New York and Vermont
geologists and their respective surveys, it was not until
Augustus W.Lng 1 a lo cA.l schoolteacher and amateur geologist,
undertook his studi es of the central Champlain Valley that
the importance and inbernal stratigraphy of the Beekmantown
strata was recognized (Wing, 1858-75; Dana, 1877a, b;
Seely, 1901 ). Unfortunately 1 the full results of Wing's
investigations were never published; only a summary by Dana
(1877a, b) and two sketch maps in Cady (1945) have appeared
(the originals of the notebooks disappeared in the earl~
1940s [Cady, written c ommunication to Washington, 1977]).
Brainerd and Seely's (1890a , b) work 1 the basis for subse406
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Figure 1 - Rout e of field trip with locations of stops.
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que nt Beekmantown s t.r A. t Lg r a ph ic sys t eius , wa s 1nostly based
on Wing 's ma pp ing and stratigraphy, a l t hough t hey modif i e d
it somewhat . They used Wing's st r ~~ t igr.A.ph i c sec t LOr'l. ( af t e r
re rn.easuring a nd r e descri bin~ i t ) from east er n Shoreham ,
Vermont, (the Bascom ledges ) as th ei r typ e -s ~ c tion.
Despit e t he ge neral i gn orance of Wing's work, mo s t
d i s a gre ement s over the i nte rnal stratigr aphy of t he
Be ek ma ntown Group in the Champlain Valley have r evolved
a round Braine r d and See l y's modifications of Wing' s stratigraphic syst em ( St ockwe l l , 1986 ) . Ex ce pt for Flower (1964,
1968) who re es t abl Lsh. r~d th e pA.leor'l.tol gic f oundation for the
Beekmantown str a t igraphy ( unknowingl y conf i ·rrnlng Wing's
vror."k), rnos t; B (~ek : rl ~r'l. towr'l. studi e s langu ishe d or were reconstituted from Br a ine r d and Seely ( 18 90a , b) (Seely, 1906,
1910; Foyl es , 1924 , 1927 , 19 28a, b ; Perkins, 1908). In 1945
Cady presented a general r egional synthe sis which Welby
(1961, 1964), Coney and others (1972), a nd numerous Senior
Theses at Middlebury Colle ge have built upon.
Recently, detaile d A. nalysis of the Beekmantown strata
in the southern Champl a i n Va l ley has led back toward Wing's
original stratigraphic system (Fisher , 1977, 1984; Fisher
and Mazzullo, 1976; Fisher a nd Wharthen, 1976; Mazzullo,
1975, 1978; Mazzullo and F r iedman, 1975, 1977; Chisick and
~riedman, 1982a, b ; Chi s ick an d Bosworth, 1984) .
This work
has now be e n e xtende d i nto th e c e ntral Champlain Valley
(Washington and Chisick, 198 7) wi t h minor revisions that
bring the stratigraphy even mor e ne a rly into alignment with
Wing's original work . This field trip will synthesize much
of this recent work, espe c ially within the complex middle
Beekmantown (i . e. t he Basc om Sub group of Washington and
Chi sick, 1987).
St rat igraphy
Brainerd and Seely's (1890a , b) stratigraphy included
all of the strata b et we e r'l. t'1 (~ "P o t;s<l 8.rll sA.n<lst one and the
"Trenton" _(actually the b a se of th e Chazy) in the CalciClH' 01rn .
-Pl ve s epA.rate 1 i tho logic di visions (the format ions
of Rodgers, 1937, 1955 , and Cady, 1945) were defined and
labelled A to E from th e b a se upward. Divisions C and D
were further divided into f.0 1.:i.r 11r'l. i ts P.ach (labelled 1 to 4
from the base upward) . No stratigraphic hiatuses were
recognized although distinct faunas were kr'l.own (Wing
1858-1875; Whitfield, 1886, 1887 , 1889, 1890a).
Clarke (1903) dropped division A with its obvious
Cambrian faunal assemblage, a practice adopted by Cushing
( 1 905), Ruedemann ( 1 906), Ulrich ( 1911 , 1 913) and most subsequent workers (Wing considered A to be "Upper Potsdaru ").
Rodgers (1937), following Ulrich (1911, 1913), suggeste d
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that the Cambrirln-Ordovician b on nd ary 1 ies withi n di vi s ion
B; th.Ls has now been confiriaed by Tay lor a nd Hall ey ' s
(1974) careful analysis of trilobite asse mb l a ge s. De t a iled
work by Chisick (Chisick and 'riedma n, 1982 a, Chi s i ck and
Bosworth, 1984) has confirmed Wing's (1 858- 1875 , not ebook
5, p . 8- 10) conclusion that the top of th e Canadian li e s
within division "E. Thus, the type l ocality of t h e Beekmantown group shows it ext ending f r om La te Camb rian to e arly
Middle Ordovician . Over the last t wo de cade s t he re h a s
been a move to redivide C an d D (Was h i ngton a nd Chisick ' s,
1937, Basc om Subgroup ) into t wo f or ma tions compris e d of
C- 1 - D- 1 and D-2 - D- 4 (Flowe r, 196 4, 1968 ; ~i s h e r a nd
Mazzullo, 1976; Fisher, 1984 ) . De t aile d fos s i l a nalys i s
(Chisick and Friedman , 1982a; Ch isick a nd Bosworth , 1984;
Repetski, 1982) shows that the ma jo r di sc onf or miti es an d
faunal breaks lie within D- 1 an d D- 3 ; .fur the rm or e , the
inte1·vening strata are not lithologic ally d i vi sabl e on a
regional basis . Thus, Washingto n a nd Chisick (1987 ) lumpe d
these enigmatic strata together i n a s ynthe rn, th e IJemon
Fair formation.
The stratigraphy of the u ni ts see n on t h is field tri p
is presented in figure 2 . Figur e 3 i s a partial prese nt ation of the conodont assemblages obtained f rom these s tr a t a
in the cent ral an d s outher n Champlain Vall ey (from
~epet sk i, 1 982 , Chisi ck a nd Boswort h, 1984 , and Chis i ck ,
unpubli she d data) .
Re gio na l Sett i ng
Dur ing most of Cambrian time, the Pr e-Cambrian b asement (n ot j ust th e Adirondack re gion ) maintaine d suff ici e nt
r eli ef tha t i t k ept t he shelf r estric t e d. By t he e nd of
th e Cambrian, h owever, th e margi nal po r tions of t h e Prec ambr i an baseme nt h a d been pe ne pl aine d, i nundated by shallow s e as and cap pe d by a n onlapp ing shelf sequence. From
Late Cambrian into Middle Or dov ic i a n time , t h e Ch amplain
Valley was the si t e of re l ative l y low- ene rgy she l f de position dominat ed by carbonat e with l e s s e r am ount s of ge nerally coarser-grai ne d , well- s ort e d , bimodal, quartzo f eldspathi c s ands. Ge nerally , t he the shelf strat a a re laminated
f i ne-grai ned l i mes tone s a nd dolostones, cal car e ous quartz
s a nds, prob ably pelloidal limestones, a nd oc c assional algal
b ou ndstone a nd oolitic limestone. The s andi e r sediments
spread acros s the shallow shelf with d ominantly dolomitic
c a r bonates concent rated along the high- energy shelf margin
edge. As one asc e nds the Beekmantown strat i gr aphic
s e quence, the 8.m.ount a nd g r ain.-s Lz e of elasti c s ge nerally
de cre a s e s. Strikingly sharp strat igraphic contrasts
betwee n clas ti c s and carbonate facies su ggest j ux taposition
of diss i milar sedi mentologic regimes.
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Figure 2 - Stratigraphy along the field trip route.
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lilhitorocki ti. n (Fauna I)
Acontlodue conltortnla
t:opla.coti;na.thua ap.
('}othOl!US COttlrDUOh

:a

QepikOdUS COIUIDUnia

Hietlodella altltrone "" H1etlodella ainuoea
Mioroza.rkod 11\a. parva

Multioiatodua coropruaaus
0Bp1kodue qu11.dratue
Oletodue rnultloorrugatua

Wh1t eroc\c lan/Cana.dian

?Prioniodua elege ne
Protopanderodue aeym.atrlcu11
Protopenderodue gradatua
Protoprioniodue arenda
?Pteraoontlodua
Reutterodua andinua
Soolopodua paraoornutorm.ie
? Tripodue 11;1.avle

(Fau na 1 /E)

J uanogna thui3 j o.anuaaon l
.Ju'\nognathue varlabllia

Oie todue oorrugatue
Oletodue long! ra.mia
Rhipidognathue ap,
Soolopodue acont lod itorm.1 e

.Jutnudontua gl:lnanda

?Oep ik.odue evae
Canadian (Pauna P.)

Acodue dolica.tue
Crletodua loxoidee
Orepanodue planue
Juanognathue variabilie
fHoror;ar\codlna marathoneneia
Oeplkodua couu1unle

Oiatodue braneoni • Paltodue jettareonaneh

Oletodua peeudoramie
Prlonlodue ep.
Protopanderodue reotue
Reutterodue endinue
Valliaaroda oom.ptue
Wallieerodua athington

PROVIDENCE ISLAND/PORT CASSIN PORKATIONS
Canadian ( Pauna t/uD)

A.oodue deltatue (deltatue)
0 laphorodue delica.tue
Drapanollua arouatue
Drepanodue proteue
Oelendodue ooetatue
Oala.ndodue elongatue
?01..etodue co111ptue

?Protopenderodua leonard11

;~~~~~~:/~b~uptua
~~~i~~~~!~e v!~:~lla

?Trlangulodue brevibaeie
?Tropodue oom.ptua

PORT CASSIN PORMAT!ON

Can ad tan ( Pauna uD)
Orepenodue concavue
Orepenodut1 conulatue
Orepanollue gra.cllle
Orepa.nodua parallelue
Olyptoconue qu1;1.drapllcatua
?Ma.cerodua diane
Oistodue paratlelus
Sci-t.hdodue tlexuoua

Scolopodue cornutltormia
Soolopodua eroarglnatue
Soolopodua parabruptue

~~~i~~~~~~a t~~~!~~~~=

Ulrlohodlna orietata
?Ulriohodlna viaoonllinenela

PORT CASS!n/LEMON FAIR FORMATIONS

Canadian (Fauna uD/lT>)
?Protopanderodue longlbaale
?Scanllodue turnlehl
Scolopodue gracllle
Ulrichodlna ep.

Orepano~atod.ua eub1Jr<3atua
Ola todu3 1 nuequnlla
?01etollua cir a~ i lla
Oneotodua at ro plex:

LEMON PAIR POaMAT!ON

Canadian (Pauna lD)
Soolopodue ti loaue
?Scolopodue quadraplioatue
Soolopodue rex
Soolopodua rex paltodltorm.ie
Ulrlohodina detlexa

Orepenodue concavua
Drepanoiatodua baaiovalle
?Drepa.noletodue inaaqualle
Hietodi!lla donnae
?Olatodue lecheguillaneis
LEMON PAIR/CUTTINO )!!LL PORMATIONS

Canadian (Pauna lD/uC)
Drepanodua peeudoconcavua
Orepanoietodue torcepe
Oneotodue variabilie
Parli.oordylodla graollia .. ?Oneotodue graoille

Protopanderodue elongatue
?Roeeodue hlghgateneie
?Soanodue tlexuoeue
?Soolopodue boll tee

CUTTINO HILL PORMATIOH

Canadian (Pauna C)
?Cordylodue llndetro111
Iapatognathue prearengeaie
Loxodue braneoni
?Paltodue baeelerl
Roaeodua roanl touenatft

Aoanthodue 1 ineatue
Acanthodue unolnatue
Acodue oneotanaie
Aoodue trlengularie
Cl1;1.vohR.111.ul 11'! denue
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The slope to base-of - s lope compl ex was d omi na t e d by
fine - graine d ter r ige nous sedime nts with occas sional int e rb e ds of lime mu d t hat was car r i e d of f of the s he lf in s u spe ns i on . Coa r se- gr a ined carbonate or elastic se dlm e nt was
eithe r trapped on t he s helf or car r i e d pas t t h e slope int o
deeper water by tu rbidi ty f lows passing down submar ri ne
canyons transecti ng the slo pe a nd cut t ing i nt o th e shelf.
Periodically , carbonates woul d bu i ld out onto th e upper
slope shales, pr odu ci ng t he r agge d slope-she lf boundary n ow
represented in t h e Ryse dorph Hi l l terr a in .
Sedi ment a t i on
The Beekmantown shelf (~azz ul lo a nd F r ie dm a n, 1975,
1977; Mazzullo , 1978 ) is punctuated by ma ny pur e quartz ofeldspathic san ds and very are na c e ous c a rb ona t e s f orme d i n
littorRl zones lead i ng out ( e astward ) int o ge nerally pe ritid~l flats of lime mu ds with localized s ili c iclastic
Rccuinulation . Al gal mat r emains ( stromatoli te s ) were ub i quitous . Reef- like ac cumul a tions (biohe rm s ) of s troma tol i te heads and t hrombolites frequently occurred. Oo l it i c
s hoals are enc ounter ed ne a r the shelf edge s a nd al ong t h e
e dges of dee pe r channe ls.
The p eri t i dal shelf-edge shows abundant features of
sha l l ow- water deposition, e.g. dessicat ion crack s, rip-up
c l a sts, flat - pebble conglomerates, cryptalga l-lamini t e s,
prob a ble tidal ch a nnels, and f l aser be dding. Periti da l
cy cles reflect depth- controlled osc i l l a tions i n se dime ntatio n r a t e coupled to long-t e rm gradual s ubsid e nce a n d
shor t - t erm oscillation in sea- level. The dep os its a r e
shallowing- upward cyc les ( sue s ) (Maz zullo a nd Fri e dman,
1975, 1977; Mazzullo, 1978 ; Chisick a nd Frie dma n , 198 2a),
asymmetric units of very fine calc a r e nit e over l a in by a
thicker s ect ion of c oar s e calcilutite. Upward s through a
sue, ther e is a dec r e a s e i n fossil taxa, grain-si z e,
intrac l a s ts, a nd pel loids , a nd a n increas e in dolomite a nd
fenest r a e or a ch a nge from current laminat e s to disrupted
planar a l gal lamina tes. Subaerial overprint s (marked by
crust s with wavy s h ale partings) are c ommon near the top of
mid dl e Beekm a ntown SUCs.
Although domi nate d by peritidal carbonates, the
Be ekmantown does contain subtidal sequ e nces formed during
repeate d drowning of t h e outer p ort ions of the shelf.
Regionally, cyclic peritidal sequence s enc a se subtidal
limestones and bioherms which pas s l a n dward into cyclic
peritidal facies. Basal t rans gressive sands formed during
sub merge nce, followed by ribbon c arb ona tes and intraclastic
wave- agftated layers or mixed flats in shallow intertidal
set t ings. Rew orking is evident in a bundant fining-upward
laye rs, channel- lags, and wave- formed s t ructures. Episodic
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surges of sediment laden storm currents overwhelmed
developing algal-mats with very rapidly dep osited silt and
sand , temporarily terminating mat growth.
The Beekmantown sediments found in the Champlain
Vall ey attest to mild epierogenic basin dep osition. Gradual
subsidence during sedimentation maintained the depositional
surface, producing subtle switchback regressive-tr a nsgressive packets which are time-site specific but not timebasinal correlative. Vertical seQuencing of conformable
lithologic units reflects lateral juxtaposition of corresponding environments, thereby implying large-scale trends
involving regionally significant changes in marine conditions, thus demonstrating Walther's "Law of Faci es". The
asymmetry of the total vertical section .must represent a
more complex change in environmental/sedime ntological
parameters over ti.me.
In the Champl ain Valley correlations of immedi ately
a djacent lithologies are difficult, at best, because of
facies changes, repetitive lithic seQuences, sedimentologic
discontinuities, loc alized and regional diage netic events
(esp. dolomitization and dedolomitization), and structural
complexities. In addition, the strata generally have
sparse and biostratigr aphically nondiagnostic macrofossil
assemblages. Thus, th e Beekmantown is difficult to unravel
in the Champl ain Valley.
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ITINERARY
The assembly point is the Williams Old Brick Store in the
village of Charlotte (just west of Route 7 on Route F-5).
Time: 8:30 a.m.
Mileage
0 .O Go south from blinker.
0.7

On the right is Barber Hill, an alkaline igneous
intrusive complex (syenite) that cuts the Paleozoic
sedirnentary sequence of the Champlain Valley (Welby,
1961; Laurent and Pierson, 1973), here the Iberville
(Clark, 1934) member of the Stoony Point formation
(Ulrich, 1911) (Middle Ordovician). To the le .ft is a
panorama of the Red Sandrock range, a line of hills
capped by Monkton quartzite (Keith, 1923) (Lower
Cambrian) of the Ch1-1mplain thrust sheet. The thrust
trace lies at the base of the cliffs near the top of
each hill.

1 .8

Hill on right contains Burchards member (Cady, 1945)
of Providence Island formation (Ulrich and Cooper,
1938) (earliest Middle Ordovician) intruded by a
swarm of igneous dikes (Perkins, 1908).

2.0

Turn right onto Thompson's Point Road.

2.1

Railroad crossing.

2.3

Thorp Brook thrust fault. The roadcut is through
Bridport member (Cady, 1945) of the Providence Island
formation in the footwall.
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2 .4

Emerson Schoolhouse thrust (Br ai nerd a nd Seely ,
1890a) separates the Prov ide nc e Island s t rat a f r om
the Fort Cassin strata of S top 1 .

2.5

STOP ~: Emerson Schoolhous e . The roadc ut jQs t west
of intersection contains excelle nt ex posu res of th e
Emerson Schoolhouse member (Welby, 1961) of the Fort
Cassin formation (Whitfield, 1890a) (the type sec tion
is the ledges just south of ro a d). The old Emerson
schoolhouse, on northwest corner, has r ece ntly been
converted into a house. The Emerson Schoolhouse
member is a light bluish-grey weathering- enha nce d
doloargillaceous limestone a nd si lty quart z ofeldspathic calcitic dolostone. Note the abund a nt
dessication and solution- collapse fea tures, indicating episodic emergence. The nodular (?stylonodular)
nature of the outcrop suggests sy nd e positional
compaction and stretch ing that pr oduced se dim entary
boudins. The slight overlapping of nodules in the
same horizon and folding-contortion of s om e nodules
may indicate minor down- s lope movement. Note the
basal detachment surfaces, typically planar and
parallel with the underlying bedding. Locally the
surfaces are undulating and at times truncate underlying units . Occassional black cherty dolost one
layers are interspe rsed withi n the Emerson Schoolhouse. We feel Welby 's (1961) distinction of a Thorp
Point membe r is artific ial (Washington and Chisick,
1987) since the type- strata differ from the Emerson
Schoolh ouse only slightly in amount and character of
the constituent lithol ogies. The top of the Fort
Cassin , here at the Emerso n Schoolh ouse intersection,
has been faulted out.
Turn around.

2.9

Railroad crossing.

3. 0

Turn right (actually a double right) onto road that
parallels railroad.

5.5

Continue straight on Greenbush Road.

7.5

Turn right onto Route 7. Roadcut is Larrabee member
(Kay, 1937) of Glens Falls limestone and Orwell
(Cady, 1945) member of Isle la Motte formation
(Emmons, 1842) (Middle Ordovician).

9.2

Ferrisburg Four Corners. Road to right leads to Fort
Cas sin he adland on Lake Champlain, the type locality
of the Fort Cassin formation (Whitfield, 1890a;
Cushing, 1905; Ruedemann, 1906) and the fauna of the
Cassinian stage (Whitfield, 1886, 1890a,b,c; Foyles,
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1923). I~ is now priv a te property and the landowners
are hesitant to allow geolbgists onto the rocks.
9.8

Outcrops on left are Glens Falls limestone.

10.6

Intersection with Route 22-A. Continue straight on
Route 7. Outcro~s on right are Crown Point limestone
(Cushing, 1905) (Middle Ordovician).

11 .4

Railroad crossing. Beldens (Cady, 1945) member of.
Providence Island formation in fields to left.

13.1

Monkton ~uartzite along road. This is the north end
of the Buck Mountain massif, a tectonically isolated
piece of the Champlain thrust sheet (Washington and
Chisick, 1987; Washington, 1987c).

15.1

Sciota School (Fisher, 1977) and Emerson Schoolhouse
mambers of Fort Cassin formation in field to left.

15.3

White Pigment's New Haven Junction plant. The rock
is brought here from ~uarries in Middlebury and
Shelburne. The Middlebury ~uarry is in Lemon Fair and
Fort Cassin strata. The Shelburne ~uarry is in
Shelburne marble (Lower Cambrian [Keith, 1923]).
Originally, Lemon Fair strata from nearby ~uarries
supplied the plant.

15.6

Turn left on Route 17.

16.3

STOP 2: New Haven Roadcut. Lemon Fair formation.
The outcrops on the north side of the road are exposures of the upper Lemon Fair as it approaches the
formational contact with the overlying Fort Cassin
(which forms a few outcrops along the crest of this
ridge). The Fort Cassin in this area contains Sciota
School and Emerson Schoolhouse members, but the Ward
siltstone (Fisher, 1977), which lies at the base
farther south, is absent.
Lithologically, the upper Lemon Fair approaches
the Ward member of the Fort Cassin in its increased
dolomitic and sandy nature. However, the conodonts
I_g_~t__iode!_!_§: donnae, Ql_!;eotodus simplex, Qneotodus
variabilis, and Ulrichodina deflexa peg the Beekmantown D ..:-I) - nature of th{s -exposure-.- This creates
a straiig~aphic problem since the Fort Cassin has
been defined as D -D (Cushing, 1905; Ruedemann,
1906) and is base~ o'i a major change in the fauna
(Flower, 1964, 1963; Fisher and Mazzullo, 1976;
Chisick and Bosworth, 1984) between Cutting Hill
(Washington and Chisick, 1987, modified from Cady,
1945) and Fort Cassin. A stratigraphic solution does
exist, the synthem (see Chang, 1975; Salvador, 1985).
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With synthems, neither the lithologic c h a r a cter of
the rocks that compose the unit no r t h e i r fo s sil
content nor the time span represe nted figur e into lih e
definition and recognition of the new unit. This
avoids excessively inflexible terminolo gy in strR t igraphic classification and recogni zes t h e s pe ci al
cases that always exist in the fiel d with unc onformity bounded geometric controlled r ock bodi e s.
The Lemon Fair is a classic synthe m, bounded
above and below by major regio nal di s conformi t ies.
Al though primarily composed of D - D2 str a t a , the
Lemon Fair does extend nearly to 1 th§
top of D .
Despite an internal hiatus that exte nd s f or n~arly
the enliire Jeffersonian stRge, the r e is no a pparent
lithologic boundary within the sect ion. Additi onally, D1 is s:pli t between the Smith Bas in member
(Flower, 1964) of the Cutting Hill fo rma tion and t h e
lower Lemon Fair depending on the local p ositi on of
the regional disconformity. Under !SSC gui delines ,
the Lemon Fair meets the special require me nts of t h e
synthem and helps to resolve a ser ious imped i ment t o
stratigraphic and structural studies in t he Ch amplain
Valley.
Sedimentologically, the upper Le mon Fai r c onsists of laminated, cross-laminat e d, and c rossstratified dolomitic quar t zofe ld s pa thic si lt s tone
with thin wisps of fine sandst one on argillace ous
siltstone. Ripple- t r a i ns / r i pple-ma rks a r e charac t eristic features of th e se be ds . Thi s exposure h as be e n
structurally deformed. Sma l l c hevron f olds with
associated bedding- plane shear z one s and incipient
c l eavage abound. The dark b an ds a nd blebs wi thin
and between laminat i ons/be ddi n g pl a nes s how dessic ation and tensio n cr a ck s fill e d with ant h r ax ol i te
(i.e. spent pe t roleum), indi cating that t h ese b e ds
we r e once exce l le nt sourc e beds f or p etroleum .
Cont i nue.
17 . 0

Turn r ight (fi r s t righ t) by monument onto Town Hill
Roa d. Th is i s Ne w Haven Village .

18.9

Turn left onto Route 7 and c ontinue s outh.

20 . 0

Turn right onto Campground Roa d .

20 .4

Railroad Crossing. The outc rop s f or t he ne x t couple
miles are Prov idence Island f or mat io n and Middlebury
l i me stone.

21 .2

Turn left onto Pe a rson Road.
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58.8

To left is view of Great Ledge and Ra ttl 8snake
Mountain. The Taconic Frontal thrust lies about at
the base of the cliffs.

59.1

Beldens memb e r of the Providenc e Island formatLon on
right.

59.7

To the right lies strata a8cribed to Forbes Hill
conglo1ae rate by Zen ( 1961 ) , Poughkeepsie melange by
Fisher (1977; 1935), and Rysedorfh Hill conglomerate
by Cushing and Ruedemann (1914) lthese are jQst
different names :for the sarae 1:rni. t).

60.7

To the right on Forbes Hill is an igneous dike-swarm
cut by cross-faQlts in both carbonates and shales.

60.3

Zen's (1959) stop 2.

60 .9

Bear left onto Main Road (east).

61 .6

Bridge over Hubbarton River.

61 .7

Outcrop of Bridport member of the Providence Island
formation on left.

62.1

Turn right onto Hackadam Road (dirt).

62.3

Bear right. Outcrops on right are Emerson Schoolhouse member of the Fort Cassin formation and
Burchards member of the Providence Island formation.

62. 7

To right is uptQrned Bridport rnember of Providence
Island formation thrust over Hortonville slate.

62.8

Turn right onto RLver Road.

62.9

To right by line of birch trees, note flat lying
Providence Island overlying Hortonville. Hortonville
has small li111estone boQlders and cobbles in matrix:
and along bedding planes.

63.3

STOP 6: Forbes Hill Thrust System. The rock face in
the ofd gravel pit across the Hubbardton River (this
is the south end of Forbes Hill) shows highly imbricated BQrchards member of the Providence Island
formation thrust over Snake Hill shale. The imbricate thrQst system ex:hibits all the characteristics
of a duplex (see Fermor and ?rice, 1976; Elliott and
Johnson, 1980; Boyer and Elliott, 1982; Cooper and
others, 1983; Washington, 1987a), although the roof
thrust sheet has been removed by erosion. As was
recognized by Cadell (1888) a century ago, imbrication of this sort necessitates stiff (i.e. lithified)
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rnaterials. Furthe1·1no r·e, the ,nec h Rri ics of dupl ex
formatiori (Washi ngt on, 1987a ) r e quir e c oh es iv e ove rlyLrig strA.ta (for ex:pel'irn\3 r1 tal c onfLrrn ~=i tiori, see
ChRmberlin and Miller, 1918 ). Thu s , 1v8 irit l:l r_prn t i;h n
deforruation hereLn l;o hRve oc~Lll 'rn <l Ln l.Lthi. fi. e (l
materials (Chisick Rnd Washingto n in pr e p.), not
soft sediments as Zen ( 196 1 , 1967 ) a nd Rod ge r s (1 9;32 )
hRve claimed. Further confir rn Rt Lon o f our in·t e rpr etal;ion is provided by the occ urre nce of fr ac i;ur es ,
cleavage, Rnd cataclasLs in bo t h li mes ton e and s hale .
Continue.
63.4

Hortonville slate on right Rnd left.

63.5

Sand pit with varved sand co11plets of For!; Ann Stage
of Lake Vermont (Chapman, 1942 ) .

63.8

Turn left onto Main Road Rnd cross brLd ge .

64. 5

Bear left.

64.6

Hitchcock Cemetery on left.

64 . 7

To left is a thrust fRult c ut t ing Providence IslRnd
strata .

64.8

Thrust fault cutting Pro vide nce Island ne8.r leading
edge of Forbes Hill duplex .

65.0

Continue strRight .

~5.1

Snake Hill shale .

65.5

We s t Haven th r u s t .

66.0

West Haven Vill 8.ge .

66 .2

Or well membe r of th e Isle la Motte limestone (Ulrich
a nd Schuch ert, 1902).

66 . 4

Snake Hill shale on right.

66 . 6

An unnamed thrust follovrn the breRk in slope.

66 . 8

Turn right on t o Burr Road.

66 .9

Coggman (aka Codman) Creek.

67.1

Continue straight on Burr Road.

6 7.3

Lower Lemon Fair strata on left.

Continue straight for Stop 7.
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locally cherty. In the outcrops at this locality
cross-beds and cross-strat i fication feat11reB abot.larl
a nd classic tidal channel feat11res are common.
Intermit t ently 1 the sand content increases to for.,11
dolomitic arenite layers. The ch t~rt 1 bleiclc l:io bl11eblack, occur s within the more mottled sectio ns. The
East Shoreham is a most conspicuous and s11perb
mappin g unit , especially when rl.ccornpanied by th e
underlying Winchell C re \'3k siltstone rnernber (not
expos e d here). Ripple marks, desicca tion cracks, _
a nd (most not ably) Scolithus burrows are charac te ristlc features of the Winchell Creek.
Contirrne.
40.9

Continue straight.

41 .0

Richville dam on r"Lght 1 de for. 1ri.ed Ticorideroga on lef t.
River valley follo 1vs a thrust with in the Shoreham
dupl ex.

41 .3

Turn left onto

Shoreha rn-W~1.i

ting Road.

The type section for the Beekmant own (Br ai nerd and
Seely, 1890a) was measured in the ledges extending
north from this road. ~lthough the outcrop is
exc ell e nt, it would require the rest of the day to
show a good composite section in this area.
42.0

East Shoreham Cemr3tery. This is the south flank of
Cutting Hill, the type section for Cady's (1945)
Cutting dolo stone ( see also Fisher and Mazzullo,
1976) a nd the Cutting Hill formatio n (Washington and
Chisick, 1987). The ledges to the west of the
cemetery are the type locality :for t he East Shorehaui
member.

42.2

Turn right onto East Shoreham Road (also called
Shoreham Depot Road).

42.9

Old Addison Railro~d bed. To right is a covered
railro a d bridge, recently re stored.

43.0

Bridge over Richville reserv oir (Lemon Fair River).
ThlB marks th e very southern end of the Pinnacle
thr11st sheet .

43.8

Turn right onto Royce Hill Road.

45.5

Magnificent view of the Adirondack front. The
tectonic cause of this front, which is apparently
related to recent uplift of the Adirondacks is not
known.
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+5. ~

TJ,3 dges of Biirchards ineinbe r of th e Providence Island.

46 .4

Turn left onto North Orwell Road.

47 .1

Old quarrLes in Orwell me :nbe r of th e IslG la JV.latte
Corrnation ;:i.nd Glens Falls lLmestone along th e side
oC Delgnault Hill to left. These qnar·r i es s how ni c1~
examples of various types of faulting.

47.8

Orwell Cemetery .

48 . 2

Turn right onto Route 73 .

48.3

LUNCH .

Par~

in drive in front of sch ool.

Continue .

43 . 5

Turn left onto Route 22 -A.
Just to the west of thLs intersectLon is th e Orwell
duple~ descri bed by Chisick and others (1 934).

~9.1

Outcrops of Orwell member of the Isle la Mott e
fo rination.

49 .4

Outcrop on left is Crown Point limest one.

50 . 0

East Creek Marsh 1narks the East Cre ek thrust, the
rooC thrust of the Orwell duplex.

50 . 4

Outcrop on left is Glens Falls limestone .

54.6

Cl iffs to left are the southwest e dge of th e Sunset
Slice of the Taconics.

54. 9

Outer op on right is "l<Jrne rson Scho olhouse member of the
Fort Cassin thrust atop Hortonville slate (Keith,
1 93 2) •
North end of the Rysedorph Hill terrain.

55 .8

Turn right onto Benson Landing Road.

56.0

Outcrops of Ho rtonvil le slate .

56.6

Benson Corners .

56.9

Snake Hill. Outcrop on right is Benson slate
( =Hortonville), not tower Cambrian "Bull formation"
as Zen (1961) claimed.

Turn l ef t onto Stage Road.
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dant vertical burrows, desstcai:;lon ccacks , intraclasts, fenestrae, and other sedimentological features indicative of deposition in peritidal settings .
Salinity varied and circulation was poor. Siliciclastic pulses of fine argi llac~ous material and
ini nor silt-sized q11art z ; feldspar , and ra ica flakes
were transported east onto tidal flats and ou t distal
tributary channels. Temporary shut-off of th e siliciclastic pulses allowed a more mar ine and carbonate
dominant deposition to occur. The biota div e~sif ied
and bioturb ation ( 1nottling ) becarae more pronounc e d.
Deeper condi l:; Lons resulted in •norG 1.lraestones and
massive b edding. As conditions shallowed, emergent
fabrics and dolostones, both primary and dolornitized
earlier sediments, formed. Bedding at this s tage was
contro l led by precursor stratification and lntensity
of dolorniti zation dynamics.
Continue.

29. 3

Cliffs to left are dolostones of the East Shore hara
:neraber of the Cutting Hill format ion. The trace of
the Weybridge thrust follows the base of the cliffs.
To th e right across the Lemon Fair Valley is the
Snake fvlountai n massif containing "Lower Cambrian
strat a of the J'vlonki:;on thrust sheet. The Weybridge
thrust breached the Champlaj_n thrust sheet and
superimposed the Ordovician carbona t es onto t he
trailing edge of the Snake Mountain massif.

30.7

Turn left onto West Street (if you c r oss the bridge
on Route 125, you have gone too far).
4s you drive south along West Street, note the hills
on the other side of the Lemon Fair Valley (to your
right). These hills constitute the type locality for
Cady's (1945; Cady and Zen, 1960) Bridport dolostone,
now included as a member in the Providence Island
formation (Washi ngton and Chisick, 1987; also see
Ulrich and Cooper, 1938; Schuchert, 1943).

34.2

Turn right onto Route 74.

34. 7

Roadcut through "Lemon -Pair form.at ion.

35.0

Cliffs of sandy Lemon Fair strata on
Washington and Chisick's (1987) stop
thrust trace lies at the base of the
next 6. 5 rn.il~:rn the route 1 ies within
duplex (Washington, 1985 ) .

35.1

Lemon Fair River.
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35 . 8

Turn left onto Quiet Valley Road.

36 .1

The hills to the left are Ticonderoga (Welby , 1959,
1961, after Rodgers, 1955 ) (Upper Cambrian ) and
Whitehall (Rodgers, 1 937) (Upper Cambria 11 ·- Lower
Ordovician) formations; to the right is JJemon Fair
formation . A. thrust separa!Jes the1n.

37 .7

Bascom's Ledge li!3S across the valley to the east.
This is the type locality for the Beebnant own group
(Dana, 1877a, b; Brainerd and Seely, 1890a ; Cl a rk e
and Schuchart, 1899).

38 . 1

Continue straighiJ onto :=)h;-1cksboro Road at corner.

38 . 2

Bridge over TJe1non Fait, Rive r. The "falls" to the
right supported a smal 1. village in the 19th century.
This village bore the names of Shacksbury and
Newell's Mills. The strata exposed in th e falls ls
Lemon Fair formation .
Turn right.

38.6

Crown Point Road marker on the left. This road was
built in 1760 (the end of the French an d I ndian Wars)
to connect Fort Crown Point on Lake Champlain with
Port ~u~ber Four on the Connec ticut River. It
crossed this spot because it crosse d the Lemon Fair
River at the "falls" we just saw , th e only feasi ble
ford across the te~on Pair (the name c omes from the
French "JJi mon faire" = "to make mud ").
·

39 . 3

Cliffs to left are Lemon Fair formati on .
west side of the Pinnacle.

40 . 4

STOP 5 : The Euber tedges. The outcrops to be
visited extend down the hill f rom behind the house
just soutJhwest of whe re we stop. The "canyon" of the
Lemon Fair River expos es several ledges of the upper
Cutting Hill formation, mainly the Smith Basin and
East Shoreham members. The uppermost member, the
Smith Basin (Flower, 1964; redefined by Fisher and
Mazzullo, 1976) is a mass ively-bedded medium dark
grey l imest one with wispy l ami nae of silt-size
feldspar and quartz. Sor.ne irregular nodules of black
chert are locally present in the rocks, usually
replacing macro-fossils (Flower, 1964). In both
Vermont and New York t he Smith Basin is characterized
by large soluti on cavities. Many of the clasts
within these paleokarsts a re derived from the
overlying Lemon Fair formati on. Immediately below
the Smith Basin is the Bast Shoreham dolostone. This
ro.ediurn to thin bedded dolostone is very q_uartzose and
427
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2 1 .9

The hill to left is Crosby's (1963) station 7 and
Coney and others (1972) Stop 1.

22. 1

Hunti ngton

22.2

STOP 3: Huntington Falls. Weybridge Probl em.
Since-~ady (1945; supplemented by Cady a nd Zen, 1960)
the Weybridge siltstone has been considered the basal
member of Providence Island formation (nee Beldens,
nee Bridport, nee Chipman). This sect ion has been
thought to consist of a "flat-lying" sequence of
ribbon-thin limestones separated by equally thick
dolofeldspathic silts. Careful observations at
Hunt ington Falls, however, shows that the type
section is structurally complex. The s e obser vations
we re con f i r1ned d11ring the recent construct ion of a
new power station at the falls, when fresh, continuous cuts were made through the ledge s s outh of the
falls proper.
The strata above the falls are definitive "flatlying" Beldens membe.r of the Providence Island formation, but the falls themselves coincide with a major
thrust. Irnbricate thrusts form the steps in falls.
The small thrust sheets contain mainly Middlebury
limestone (Washington, 1987b), often overlain by
Hortonville. As has been noted by prior workers in
the Champlain Valley, the striped-bedding commonly
obser ved within the limestones is not stratigraphically definitive. The e~posures during c onstruction
of th e new power plant showed that most of the small
thrust sh eets are capped with Hor tonville slate.
Although the stratigraphic position of some of the
siltstones is not certain, most lie within th e upper
Middlebury and can be correlated with Washington's
(1982) sandy facies of the Middlebury. Thus, the
type-loc ality for the Weybridge siltstone is mostly
not ( if at all) within the Providence Island. This
creates a terminological problem, as yet unre s olved,
since there truly is a siltst one member that lies
near t he base of the Providence Island formation.

~alls

Bridge.

Continue.
23.5

Outcrops in the woods are Beldens member of the
Providence Isl and forrnation and those in the fields
are ~rimarily Middlebury limest one (Middle Ordovician) of the Sudbury duplex (Washington, 1981a, b,
1987b). This is the northern en d of the duplex.

23.9

Turn right onto Hamilton Road.
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24.9

James Pasture to rLght (Crosby, 1963, station 1 O;
Coney and others, 197 2, stop 2; Washington, 198 7c,
stop 6).

25.4

Turn right onto Route 23 and then immediately b ear
left around monument onto James Road ( south).

27.9

Turn right onto Route 125.

28. 1

Bear left.

28 . 4

Bear right.

28 .8

STOP 4: The Ledges. The an exce llent ex posure of
the Bascom subgroup (Washington and Chisick , 1987 )
except .for the lower 9art of the Cutting Hill formation (Winchell Creek LFisher and Mazzull o, 1976 J and
lower East Shoreham [Washington and Chi sick, 1 987]
members) , overlain by the lower Providence Island
formation (primarily Burchards member ). The
ProifidAncA 1sland strata ( except for a thin veneer of
Burchards adjacent to the Lemon Fair contac t) are
highly deformed, being caught up in the Sudbury
duplex. The floor thrust of the duplex lies within
the lowermost Providence Island and forms the lower
boundary .for the 1aa j or deformat ion.
The Fort Cassin is well-develope d here with
Wing's Conglomerate (Seely, 1906), Emerson Schoolhouse, and Sciota School members represented
stratigraphic succession as one descends through the
section . The co nodonts Ulrichodi na abnormal is,
?ScolopC?_<!~~ t oome;y_~, Glyptoci~~~~ quadral?_li g_~!~~' and
~ :r:~anaodus -~oncavus have been identified from the
mi ddle of the section.All are good indicators of
Cassi nian fauna, hence the Fort Cassin formation.
The Ward member is absent from the bas e of the
Fort Cassin he re. Just as at Stop 2, the underlying
Lernon Fair transcends the Jeffers onian hiatus and
Fort Ann (Flower, 1964, 1968) fauna mixes with Fort
Cassin fauna. The T.Jemon Fai r is thin at here, so its
c ontact with the appermost Cutting Hill (Smith Basin
membe r) can be seen near the downhill end of the
roadcuts. Since the expect e d lith ologic and faunal
breaks can not be seen, this roadcut presents an
excellent case for the application of the stratigraphic term syn them. Here the ,Jeffersonian stage
is at least mostly absent, but the sedirnentologic
logic sequence does not reflect the break.
The Bascom subgroup deposits of mixed carbonatesiliclastic sediments began on a broad tidal flat
composed of supratidal and intertidal flats which
were dissected by tidal channels. These fine-grained
argi llaceous units c ontain a restricted fauna, abun-
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67.9

Gate on ri g h t.

68.3

Turn around i n b arnyard and p r oc e ed b a ck along r o a d .

68.6

Park

Access path for S h a w Mountai n .

Figure 4 - Geology of the Shaw Mountain area. Paleozoic
thrusts denoted by closed teeth, ac tive high-angle
reverse faults by open teeth. Och - Cutting Hill,
Ofa - Fort Ann, Olf - Lemon Fair, Oil - Isle la Motte,
Ob - Benson, Osp - Stony Point, 0 Chazy - Chazy
undifferenti ated.
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68.7

STOP '7 (optional) : Shaw Mountai n Kli 11pe ( f i g . 4).
The Shaw ~·1oun ta i. n kl ippe co ns is ts of Fort Ca s s in and
upper TJeinon F8.ir strrlta and ;:i.hLlt s C1l tt ing Hill and
lower Le1uon 78.L c· to th8 wns t an d sou t he . On th e
east, the klippe is 1rnderla Ln by Hor t onv i lle ( call e d
the Benson by Whee l er, 194 1) slate, a nd on th e north
it Ls 1rnder l ain by Trenton a nd Chazy lime stone s a rJ. d
Rn unnruned Chazy shale ( propose d Be ns on La nding shal e
of Chi.sick a nd Friedman , 1982 b) whic h 8.l s o a buts the
Cutting Hill to the west. We in t er pret the Cutting
HLlL and lower temon Fair block t o be a mod e rn
(active) east- dlrected thrust sheet 8.ss oc iat e d with
the present uplift of the Ad iro ndacks . Th e strata
within the Shaw Mountai n kl i ppe i s ov e rturned ,
dippln3 about 40° ~~st a nd young ing wes tw~rd. The
underlying strata dips eastward be twe en 5 a nd
12° and youngs upward . Thus , Shaw Mountai n is
structurally and stratigraphic8.l ly discordant wi t h
the underlying rocks. The mos t reas onabl e e xp l a nation for Lts or Lgin is 8.S the rec 111ab e nt lirnb of a
fault - bend fold above a hang i ngwall rB.inp in a thrust
sheet overlying the Rysedorph Hi l l t e rrain .
Shaw Mot.lntain Ls pr obably t h<3 r e ason th8.t no
detailed maps have eve r bee n publi s hed of this are8..
The maps published by Dal e , Rue de ma nn, Walcott ,
Wheeler , Rodgers , and Ze n are so ge neralized as to b e
raeani ngl ess . "Recent cl.eta Lled 1aa ppi ng by Chisi c"lc (se e
Chisick and Friedman , 1982 b) h as e lucidated the
stratigraphic re l a t i ons, but only r ec ently have we
been able to reso l ve t h e s tru c tur e .Lnto a wo(k able
model . It shoul d b e note d that Keith also mapped
t his are a ( Washi ngt on, 1987d) and correct ly
i de nti f i e d th e s trrlt i gr aphic relati ons, but he never
publ ishe d his fi ndings . The Centennial Geologic Map
of Vermont (Doll and others, 1961) gives a relat i vely detaile d v iew of this area , but much of the
str atigraphy is misidentified, as fossils found by
Chi s i ck and Kei th show.
Continue .

6 9.7

Turn left onto Main Ro a d.

70.4

Turn right onto Book Road.

70 .6

East- west normal fault of Rodgers (1937).

70 .8

Lemon Fair for raation.

70.9

Note thrust at base of roadcut on left. Lemon Fair
is thrust over Snake Hill shale. This thrust was not
re cognized by Rodgers (1937) or Rodgers and Fisher
( 1 96 9) •
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71 .0

Sugar house on right.

71 .7

Bridge ov er Poultney River; Vermont - New York
boundary. l'ifot e terminology changes .

72.4

Sciota Cemetery on ri~1t.
(= Le~on Fair) strata.

72.7

Continue straight.

73.3

Origina l site of Sciota School on left. Base of type
section for Sciota School limestone member of the
Fort Cas sin formation.

73. 5

Sciota School rnernb er on le ft 1 ·ward mernbe r on right.

73.6

Type locality for Ward siltsto ne member of the Fort
Cassin formation (Fisher, 1977, 1984) n8.rned for Ward
Road to right. Continue str aight.

73.7

Fort Ann on
left. Here
boundary so
of Fort Ann

74.3

Turn left onto Washington County Route 11.

74.6

STOP 8: Westcott Corner Thrust Mod e l. ~his is
Boswor-th and Kidd's ( 1985) stop 2. The carbonate
blocks within the Rysedorph Hill terrain generally
consist of upper Beekmantown strata (Cutting Hill and
above), with a few of Crown Point and Isle la Motte
strata. All of these blocks contain very limited
sections of the carbonate succession and are overlain
by Snake Hill slat e . Historically, these blocks h a ve
been considered olistostromes of a major melange
(Cushing and Ruedemann, 1914; Wheeler, 1942; Zen,
1961, 1967, 1972a; Rodgers and Fisher, 1969; Fishe r
and Wharton, 1976; Fisher, 1977, 1984; Bosworth and
Kidd, 1985), but their areal distribution is not
random and th ey are all underlain by thrust surfaces,
so we do not accept the old interpretation (see
Leonov, 1983). Rather, we feel that their distribution into successive uni-stratigraphic rows of
blocks, with the rows lying in proper stratigraphic
order, indicates th~t these blocks are remnants of
carbonate strin~ers built out onto upper rise shales
(the Snake Hill) and were devc:lr ticulted and deforrned
during thrusting of this upper rise sequence onto the
shelf.
As Bosworth and Kidd (1985, Stop 2) point out,
this outcrop shows a block of Burchards rnernber of the

Outcrops of Fort Ann

right, Ward member of Fort Cassin on
the Jeffersonian hiatus is the formation
the Lemon Fair name is dropped in favor
(Flower, 1964).
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Prov Ldence Isl'1. nd f ormA.t Lon th;l.t has bee n i nt er nally
deforrned and tll t'Ll8 t onto Sn:::t.ke Hi ll sh:::t.l e. Thi s
deformatLon pr'Ob'-1.bly pL'8Geded 1najor displ:::t.ceine n t o n
the Mett;:i.wee River fault (th e frontal th rust f or th e
Rysedorph Hi ll t e rrain) (s ee WashinBton, 1 98 7 ~ ,
19'=37c, for <hscussions of relative timLncs of th ru sting .:ind de r:o 1·1n:::t. ti on) . The pene tr al; Lv e st r u c: I; 11res
within the shale and limes t on. e a nd th e ca tac l a:3 l; L<!
textures A.d j acent to the f:-11.llts indic:::t.te t h :::t.t t hi s
defo rm ation was defin it ely post- lithific;:i.t ion. Thus ,
riot only is the 1 neln.11::s<~ ori.~i.1 1 of 1;:·1i.s b<-'ll.I; c ol'l. s Ldered Llnli~ely, but the major deform:::t.tio n di d no t
oecllr Ln " so.ft sed L1ne nts" as so in:::t.ny prio r L'! o i'k:<~ L' :-3
hav,~ cla i.111_.;d .
Contirrne .
74 . 8

Turn right onto Wescott Road.

75 . 0

Snake Hill shA.le on. l eft in b1urow pit.

75 . 3

On left, Burchards member of Prov i de nce Island th rust
over Sn.:::t.ke Hi 11 sh:::t.le. WI:ci.jor th ru s t in valley t o
r i8h

t.

75 .4

Larrabee member of Glens F:::t.lls l i mes tone on l e ft .

75.7

Isle la Motte liia.estone thrust over S na"k:e Hill ::ihal e .

75 .8

To left, Sn:::t.ke Hill shale capped by :::t. k lippe of
rraconic slates.

75;9

rrurn right onto Carlton Ro:::t.d.

7n.1

Beldens and Burch:::t.rds membe r s of Pr ov i dence Island
formati on.

76.3

To the south (lef t ) al ong Mud Brook c a n b e see n a
ramp :::t.nticl i ne with t3urcha1ds 1ae1a.b e r of l? ·r ovide nc e
I slan d f or m:::t.tion ove rl:::t.in by younger limes tone s . Mud
Brook flow s a l ong the thrus t f:::t.ult wh ich formed th e
]'>fod Br ook gulf.

76 .5

Cros s Bosworth and Kidd's (1985 ) Taco nic Frorit:::t.l
th r us t. A. l t hough t hi s is indee d a major thrust, it
lies wi th in the Rysedorph Hill t e r r :::t.i n an d i s not
m:::t.rked by e ither a l ith ologic or ine ta ~ orp h i c bounda ry
so ~e do no t fe e l this shoul d be c:::t.lle d th e Taconic
"F ron t al t h rust.

76 . n

Bear lef t. Sn:::t.ke Hill sh:::t.le on le f t :::t.f ter corner.
Thi s i s Bo sworth :::t.nd Kid d 's ( 1985) stop 3.
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76.8

Carlton School on left 1 Carlton thrust on right.

77.0

Emerson Schoolhouse member of

77.1

~ort

Cassin formation.

Snake Hill shale.
this point we pass westward out of Rysedorph Hill
terrain onto parautochthonous carb onates .

~t

77.4

Turn right onto Fairhaven Turnpike.
Just west of the corner lies the Carlton thrust 1
fisher's (1984) high-angle normal fault boundary
separating carbon ate autochthon from th e allo chthon o1rn .ae ln. 11g :~.

77 .6

Fort A.nn fori!'.l.ation on right, Sawmill Pond norrnal
fault on l eft.

77.9

Turn left onto Buckley Road.

78.2

Emerson Schoolhouse member of Fo rt Cassin for mation
on left.

79.6

Park on left by a bandoned truck scales.
Stop 9-: Tri- County Stone Quarry. Exposed within the
abandoned quarry are the Winche ll Creek (somewhat
more li1ney than usual) and Kings bury members of the
Great Meadows formation (approximate eq_uivalent of
the Cutting Hill formation in Vermont). These units
are ster8otypic;:i..l of sabkha-L rnpri.nte d tidal flats
(Mazzullo and Friedman, 1975). Along the northeas t e rn rL1n of the q_uarry lies the Sciota School
member of the Fort Cassin un derl ain by a thin layer
of Lemon Fair . The limey nature of the Winchell
Creek and near absence of the Lem on Fair indicate
that thi_s is along stratigraphic strike from
Thompsons Point (Stop 1).
During the JJ ower Ordoviciaa, several withdrawals
of marine conditions teaporarily exp osed broad
expanses of contine nt al shelf (Braun and Friedman,
1969). These short-li~ed exposures are reflected in
abrupt changes in types of sedirnentation 1 wavy erosional surfaces 1 and karstic features. However, one
wonders how abrupt is abrupt!
Along the western wall of this quarry 1 a marked
change in sedimentation can be seen. Here the upper
Winchell Cr eek boundary is ma rked by an iron-stained
disconfor rai. ty sepal·ating it from the overlying
Kingsbury limestone . The change is abrupt and nicely
preserved 1 but wiiJh:Ln the reali.zed norm for geology.
Along the northeastern rim, wavy erosi onal surfaces
identi f y ma jor dlsconformi.ties along the top of the
Kingsbury limestone (c ) of Great Meadows formation
2
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and the base of the Sciota School memb er (D ) of
Fort Cassin formation. Note the rolling na1ure of
the Fort Cassin bl=)dd Lng. This is not th. ru st fattlt
controlled, rather it is depositional and ge om e tri c1-1.lly expected..
Within the upper Kingsbury and lower temon Fair
are two sets of enigmatic vertical featur es. Fisher
(1934, fro1n 'in oral cornrnunication by S . Schammel 1
1983) interprets these as "NApt11ni a n f-Lssures " causG d
by unders(~;i ea1·thqua"k:t78 which. " cr· acked " th e limestone
and filled these chemically enla rged (i. e. by instantaneous pres~11u·e solutio11 ) voids with cal ca r e 11it e .
We do not agree.
We interpret these vertical feat ur e8 to be
soluti.on- enhanced dessical:;ion cracks formed on
abruptly e~ergent intertidal flats . Th.e c racks a nd
subsequent chemical enha11ceinen t rnus t have occ 11r re d
wh.en th.e materLal was in ;:i. nea·rly to completely lithified state since 110 collapse sl:;ructures h.ave have
been found adjacent to these features . The "U- ed "
b;..lSP,S or: 1~1ll'i fissures were definitely cr e ated by
karstic proc:esses, and the concave l ay e ri11g of th.e
included sediments indicate th.ey were infilled by
particulate deposition from above. In a ddition, the
cyclic nature of the fill stratigraphy indicates the
material arrived by normal sedimentologlc processes.
1he fissures are regul ar ly arranged, forming
polygo11s . They reach t o relatively constant depths
and tend to be bulbous toward th. e bottom, indicating
that depth was co11trolled by a base water table.
They may h.ave been quite deep originally, but erosion
of the uplifted material would h. ave decreased th.e
apparent fissure depth. The fissure sets may appear
to be quite large, but even larger sets have be en
obser ved in West Texas 1 ~rizona, Nevada, and Abu
Dhabi in areas where excessive lowering of the water
table has occurred in relatively rapid 1 truly
catastrophic events . Thus, we interpret these as
recording two catastrophLc lowerings of sea-level at
some time between lower Cutting Hill and Fort Cassin
tirne. Th.e depth or: the fissures indicates the
approximate level of the lowered sea-levGl. From
observations elsewhere, we prefer to correlate th.ese
wlth the karst events at the Cutting Hill/Lemon Fair
formational boundary and the Jeffersonian hiatus.
Finally, the fill bears strong lithologic affinity
with the sandier Lemon Fair/Fort Cassin strata, but
no fossils have yet been obtained from. th.e fissure
fill.
Continue.

79.7

Turn right onto Route 4.
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Roadcut on right contains limey Winchell Creek
siltstone member.
79.8

Valle¥ marks boundary between Great Meadow formation
( east ) 8.nCl. Wh l teha l l dolos lione (west).

30.0

Quarry in Whitehall for ;ua tl.on; both Skene an.d Steve ' s
Farm members present.

30 .1

Skene Mountain 011 r Lgh t. Type sec Gian of Whitehall
formation (Rodgers, 1937).

80.3

Ticondero ga-Whitehall fornA.tlonal contact on righli.

80.4

Potsdarn-Ticonderoga formational cont act on r Lght.

80.5

Turn left onto Sou th Williams Street (by

80.7

Cross rallro8.d tracks.

.o

Bridge over Mud Brook.

81

8 1 .4

~rmory).

Continue Straight.
On left~ Greenmount Road; Greenm ount Cemetery on hill
of Whiteh all (Skene member). On right, Adirondack
front;.
Note the topography - n11merous right angle bends in
s treams, s~1are hills. This is a n are8. of modern
blo~k l:a11lting ass oci ated with the active uplift of
the Adirondacks.

82.0

Old cupolas from destroyed barns on right;.
Bear right onto Upper Turnpike Road at c orner.

82.3

Mettawee River - following Tub

82.5

Upper Turnpike Road follows spur of Tub Mountain
fault. On right is Fort Edward dolostone and
Winchell Creek siltstone members of the Great Meadows
l:orinatLon. On left is Beldens member of Providence
1sland forin8.tion . Bi 11 in distance is Tub Mount;:iin~
mostly Whitehall wit h a cA.p of Great Meadows.

83.0

Bear le f t on Upper Turnpike Road (paved).

83.2

Contact between Br idport member of Providence Island
formation and Orwell membe r of Isle l~ Motte limestone. The Isle la Motte lies in core of a small
syncline.

83 .3

Bridport membe r of "Providence Island formation.
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83 .4

Thrust fault placi ng Potsdwn sa n dsto n0 o n t o
Providence Isl a nd for;nat i.on.

83 . 8

Bear left .

Dick Hyatt Road to r i ght l ies a long
C'or1nati.on;--tl contact .

Pots d c11 n-'rL co ri<l 8r'O~-t

34 . 3

Me ttawee River thrust, the Crontal bou nd a r y of the
Rysadorph Hill terrain.

14.7

1i';1. (' •n:10;1se on l l~ ft S1Hved as C. D. Wa l c ott' s fi e ld
station in 1886 . On right is White h al l unn e rl a in by
Sn:::i.K:e Hi. l. l r3h .1. l.8.

95 . 6

Rodgers ' (1952) suggested stop f o r p r ivat e veh icles
(road was unfit for buses at t i me ).

35 . 9

Mettawee Riv er to l ef t follows fr on tal thrust of the
Rysedorph Rill terrain.
In th i s v i c inity, Rodgers
( 1952) , Sellick ann Bos wor th (1983 ), and Bosworth and
Kidd (1985) hqv8 call a ~ this th ru s t the Taconic
F r ontal thrust. Sciota Sch ool a nd Ern e r s on Schoolo1rne
·ae r11bers of Fort Cassin on ri gh t .

86 . 3

Intersection of Comstock Ceme t e ry normal fault with
r1<:it;tawe8 R.Lver thrus t faul t . Hill on right contains
l?rovidenc e Island st rat a ; south and to left is "Port;
Cassin st r ata .

36 .5

Turn right onto Rath bu nvil le Road.
A.s we p r oceed along th i s ro.q,d, we pass strata ·
equival ent to those a t Stop 4, i.e. Providence
Island, Fort Ca s s i n , an d ~art Ann.

87 . 4

Turn around an d p ark.
STOP 10: Rathbunvill~ Ro ~d. Wh i le driving down
Rathb u nv i lle B.oa d, y ou h ave p a ss e d down section from
the Providence Isl a nd a nd a re now stopped alongside
the Skene member of the Whitehall formation.
rrvrn
short wal"k:s will be taken:
Walk A: Ree:f in the Sciota School rnernber of . the Fort
Cassin formation.
On the crest of the hill north of
the parking area.
This is an in situ domal
stromatoli te-thromboli te reef wi !Jh various cephalopods ( C8.SS i nC?_~:=:.~~~' Tarphy:c~r.8:s_, and ~urys_j;_ <:?_1~~~~'.?_),
trilobites, and ostracods Tisochilina can be seen in
a "life-assemblage" along w1fr.i -an excellent paleo1.(8.rst. l?leas 2 look but do not hammer!
Walk B: Tidal Flat Sedimentology. A walk west along
the ledges next to the abandoned road leading through
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the Steve's Farm, Rathbunvill e Sc hool, and Skene
ro.embers of the Whit e hall forrrial:;i.on wi 11 sh ow se ve ral
sedL ;ae n.c ologLcal fea tu res cor11r11011. to all tidal-flat
environments. Tempeslt es with flaser-bedding (ve ry
rarely p reserved ) can. b e ddGn.. Oth er f e acur es s0e n
are horsetail stylolites, lami nated crusts, herringbon.e cross-beds, sinuso i dal rippl e s, an.d gener~l
supratidal-intertid a l en.viro nm en ts.
ProceP.cl r) l-lG 1-c to Upper 'ru.rnp ike "Road.
88 .3

Turn right onto Upper Turnpike Road.

88.7

Bear l eft.

88.8

Turn left and park in lot .
STOP 11: Mett awee "P a l ls . This stop illustr ates bobl1
tidal "flat sedimen.tation/diagen.esis and thrust
structur es of che Bysedorph q111 front. 4long the
west sld e of the river lies a thrust sheet containing
Bur ch ar d' s and "Weybridge " members of th e Providence
IslanQ formation. The riverbank is bedding-plane
surr~ces of these strata with some of the best
examples of tidal-flat fea t1l.rc-rn found anywhere.
Among the features to b e see n. are:
a. mega-ripple tr ai n. ~3;
b. several other types of ripple marks;
c. TJi esegang-banding des sication. cracks;
d. animal trails;
e. teepee struc tur e s;
f. rip-up clast conglomerates;
g. vanished evaporite nodules;
h. sabkha chertLfLcation.;
i. pal e okarsts .
Structural features pr esent her e include:
a. ve ry small ramp anticlines abovc-7 very sina1 l
thrusts ( s orrrn r(l ;-i.f 0 :3 do11bly blind);
b. t e nsion-gash jointing;
c. in.cL_pient cleavage;
d. tectonoK::arst;
e. the Rysedorph Hill front separ a ting ~ultiply
deformGd dee p- sea shales from the upper rise
on the east banK:: fro ;n only slightly deformed 1
platform carbonat e s on the west bank.
Some of the structural a n.d sedimentological features
(e.g. small ramp antic l i nes a nd teepee structures)
1001< very sirnilar.
Generally, however 1 the deforrnation in the carbonates is so minor that the sedimentary f eature s are andistarbed and spectacularly
exposed.
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'rm·n ri.ght (west) onto Upper T11rnpike Road when
le~ving

rn.9

parking lot.

T11rn left onto Tho1nas Road.
Thomas Road follows the Provi.dence Island-Fort Cassin
for1natLonal c o r1t :-v::t; li'ort C:-1.ssLn on right, Provid e rW l~
tsland on left.

90 . 0

In woods on ri~1t is another re e f.
th·~ li'or t Cassln formation.

9'.) . 5

1

Thi s one is in

r11rn right ont;o Route 2?..

~or the next

three mile s we follow Emmons (1842)
t l"1.r1:-;ec: I; thro11::sh th (~ Beekmantown s lira ta.
qodgers
(195~) and Rodgers and F i s h e r (1969) follow e d this
sa1ne route (from west to (~:1.sl:i) ancl thi.:3 r3CcHV c ~d as i;h 1~
ty_pe loc::d.l_i.t.( for th (~ d ,~ fi.nlt Lon of l:ihe Canadian of
Flower (1964;.

91 . 2

"Port A.rin bei1.i.nd Dot and A.t ' s Tavern.
STOP 12: Comstock Traverse . This is the
" Calcif ero11s" s·~·~tlon described by Emmons (1842).
'Hist orical ly , the Beekmantown uni ts hn.ve played an
L·npor tan t part; .L n the development of 1\f or th AnHH l can
ge ologic thought, espe cially in the development of
A.merican stratigraphic no1ri.e11el:::i.t1:1.re. This historic
trave rs e still pres e nts new data that leads to new
Lris i.gh ts and interpre tations.
S'rO'P 1 2:~.: Winchel 1 Creek si 1 tstone me rabc') r of che
Great r..fe-:::i.dows formation.
Th.i.s outcrop 1 altho11gh
soa.e\vh:-i.t d i_s t1 1 r1) 1~cl by thr11st defor1nrl.tion, shows the
typical Winchell Creek lithology as defined by Fisher
and Mazzallo (197S).
'rhe weather-enhanced crossbedding, herring-bon e cross-stratification, and softsedi111ent defor1n::ililon (slu rnps R.nd folds) attest co the
unstable depositional and diagenetic conditions of
this sec ti.on of Winchel 1 Creek. Note the fla1ae
structures and bubble- e scape (blow-011-t) featur es.
Disc-struct11res e::-1.n rl.1so b t~ S <~en. Doc,;s this deformation indLc::-1.te chRc these strat:::i. are from R portion of
th e Winchel 1 Creek that h ad 1)1_l i_ l i-; o 1.1 I-; 1; o Lhe i~ dge of
the c::-1.rbonrl.te platform, or did it result shock-w:::i.ves
frora. syn-depositional seismic activLcy? We:; CA.vor· the
former interpre~atlon.

Continue.

91 . 9

Cross Comstock Ce1netery noriaal f a11lt,
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92.0

Start of rHl~ti~Bly complet e Beekmantown secti on on
right side of road . -Pirst i s Bu.rchard.s member of
Providenc e Island for 1ri :-1 tio11 followe<l. by " Weybr.i uge "
rne·ub er ; whi.ch i.s 1u1derlai.n by Wing 's Conglomerate
rnerribGr of Fort Cassin.

9~.4

Boundary betwee n Wort Cassin (e~st ) and Fort ~nn
(west ) on ricsht. Or1 lefl:; ~r·8 'lol ostones of th e
Ticonde roga and Whitehall formatio ns.

92.7

Park in space on left of ro ad.
STOP 12b:

Comsto ck Tr ave rse (continued).

1) Skene member of the Whitehall formation.
An excellent example of a soluti on-collapse breccia.
Note its deceptive appearance as a massive dolostone.

2) Skene member of the Whitehall formation.
A thrombolite mound with a highly dolomitized channel
to the east. From across the road, one c a n see the
ghosts of rounded gravels th a t made up th e channellag. Note the p ower of the dolomitizing fluids as
they moved through these rocks.
3) Winchell Creek member of the Great Meadows

formation. Here are carbonate sand dunes dolomitized
to look like massive dolostone. Only frosted quartz
grains escaped the dolomitization and outline the
original sediment ary l aye ring.
Continue.
92.8

Whitehall behind prison guard homes on right.

92.9

On right, Comstock school. On left, Comstock Prison
Quarry Road (quarry still act ive). Boundary between
Whitehall and Ticonderoga f ormations.

93.2

Potsdam outcrops on right.
left.

Great Meadows Prison on

"Little boys who pick up rocks either go to prison or
become geologists." (Ambrose Bearse)
93.5

Warden's House on left sits on Precambrian gneiss.

93.6

Bridge over the Champlain Canal.

94.0

Intersection of Route 22 and Route 4. We are sitting
in the Precambr ian of the Adirondacks.
End of Field Trip.
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srnAT lGRt'\PHY AND smucTURE OF THE SUTTON AREA, SOUTHERN fJUOllC :
CONSTRUCTION AND OESTRUC I JON OF THE WESTERN MARl.ilN
OF TH[ LAT E PRECAMBRIAN IAPETU!L
M.itffice Colpron'. Wil !l a m M. Dowllnf) ;mr1 llarry L. Ono I an
Department o f Geoloqy , llnivPrsity of Ve1 mont
Btu- I i nq ton, VPrmonl, 0~140'.I

l nlrorluc: t i nn:
The purpose of thi s excursi on is to introduce thP. rPade1· to thr>
La t e f'reca mh rian/Larly Cambr ian slrd tigraphy of the Uak Hill Grnup 111
southern Quebec, and to e valuate th e effects of the lacon i c rffogeny we·:.:. l
of the Green/Sutton Mountains anticlino r i a l axis CGSMA>.
The Sutton area has bet~n subject
to numerous s tudies bfYtween 1'730
and 1960 <Cla rk. 193't and 1936, Eilkins, 1963, Osberg, 1965 , and f-h c kard,
unpubl.). lhese works, part i cularly those of Clark <1936), establisherl
the s ti· at ig1· aphy
nf the
Oak Hill
Gi·oup west of the Enosburg
Falls/Pinnacle Mountain anticline CEFPMA, fiq.1). Fossils found within
t he
intermediate formation s
of
the Oak Hi 11 Group indicate a Lower
Cambrian age <Clark , 1936). These authors also mentioned the structural
c ompl e xities that arise east of the EFPMA. Sudden c hange in the
s tructural and thermal history occurs as one crosses the "Mansville
Phase" <Clark,
1934). Rocks to the east, known as the Sutton Schists,
have tentatively been correlated to the Oak Hill Group <Table I>,
although no real evidence is yet proposed.
The goals of curr e nt studies, n orth and south of the international
border, are to re-eval uate the tectonic evo lution along the southern arm
of the Quebec reentrant,
to provide better constraints on possible
stratigraphic link a c ro ss the Sutton/Richford syncline CSRS> and to
document the structural/thermal evolution west of the GSMA.

Stratigraphy:
The Oak Hill Group, as defined by Charbonneau <1980), includes 8
formations {fig.2>. Because thi s
excursion will primarily emphas1ze on
the lower Oak Hill stratigraphy (rift-related volcanic/sedimentary
facies), only five (5) formations will be describe below. The reader is
refered to Clark (1936) and Charbonneau (1980) for descriptions of the
upper Oak Hill formations.

1: with permission of
Quebec.
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Oak Hi 11 Group
Cheshire For•ation
Frelighsburg Formation
West Sutton For•ation
(\Dlite Brook F• included
at the base>

~ Pinnacle Fora1ation
L.:_:.:.=.J ' (including the Call Hill t1bl

6

Tibbit Hill For•ation

Sutton Schist

El
El
E]

black graphitic schist
qz-ab-D1U-cl la•inated schist
gray

Figure 1: Geologic map of the Sutton area,
southern Quebec <modified after
Colpron, in progress, Dowling,
in progress, and Eakins, 1963).
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la nomenclature de Clark <1934) a ete retenue ici,
etant celle
adoptee par les auteurs mentionnes.

Ac ro s s strike correlation cha rt for the
stu dy ar ea~ P MA : En osb urg F alls/ P innacle
Mo u n t a in ant ic l in o rium,
S RS : S utton/Richford
syncli ne, S MA: Gre e n/ Su tt o n Mountains
an t icl i no ri u m.

Table 1:
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Figure 2: Stratigraphic column for the Oak
Hill Group in southern Quebe c.
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Hocks of the Oak Hill Group occupy cl l 5 - 25 k i l o mete1 w11te be! t th,lt
trends N20E. They lie on the we~;tern limb of the GSMA from U.:inv1 l le,
OuP.bec.
to at
least Lincoln, Vp1· mont . The pre - G i l man (Cl Lirk , t 93lJ l
~.ection of
the Oak Hill stratigraphy is correlative with the eastPr ri
facier, of the Camels Hump Group in VPrmnnt <Table I II.
ln sou thern Quebec, thP fibbit Hill Formation is thP known bast' o1
the SefJuenr.e. It is Qssentially a gn~en chlor1te
epidote
· alhilP
~.chi•;t and
a blue- gray amyqdular sctnst. Chemically, the mafic rocks nf
th~ Tibbit Hill formations
are metabas alts of a lkalir affinities t h a t
tlf'long tn .i "within - plate"
tectonic setting <Pintson et al., 19B5 , a nd
Coish et al., 1985>. The presence of an albite porphyry felsic ror k
indita tP the bimodal nature of this volcanic suite.
lhe Tibbit
lhl l
is
unc.onformably over lain by the Pi nn.tc lP
Form,1tlon. lts lowermost unit is the Call Mill Membrr <Clark,
1936). It
consists of a gray to purple· black phyllite that frequent ly co ntains
phyllitir, chloritic and slaty clasts. lt
is often ch a racterized hy a
s mooth glacially polishPd outcrop ~rrface. The Cal l Mill is lat era lly
continuous and has a maximum thickness of 30 meters.
The coarse elastics of the Pinnacle Formation consists of two main
units.
lhe lower PinnaclP is a coarse-grained quartz - muscovite c hlor1te - magnetite wacke. The abundaut matrix suppor t is the result of
the deqradatio11 of feld~.parc, and lithic fraqments (of probable volcanic:
origin) tha t c.omposed an original
lithic: arenite. Locally, a basal
massive blac k sandstone is µre•:;ent. It is composed of 80- CJO 'l. of well so rted and well -rounded magneto-ilmenite grains. This fac:ies is usually
4-7 me t e rs thick and constitute lenses of about 25-30 meters long, which
transgress over coarse graywacke. The black sandsto ne is interpreted to
be .i beach sequence.
Bedforms in the lower Pin11acle For mation are generally restricted
t o parallel lamina tions and thin beds of magneto-ilmenite less than 1 cm
t hick, although they may be as thick as 10 cm . Slumps and loadcasts are
locally present in relatively thick black sandstone beds. Slate clasts,
of the same composit ion as the Call Mill, are found within the lower 5
meters of the Pinnac le wac:ke and black sandstone.
The transit ion between the lower and upper units is locally marked
by another black sandstone horizon. Wh ere this horizon is not found,
this passage is marked by the introduc tion of a finer grained quartz
wacke and a muscovite- rich matrix. Unlike the lower Pinnacle, there is
little mixing between the magnetite and quartz grains. The above results
in better defined black sandstone beds and "cleaner" quartz wacke.
Bedforms are more abund an t
a nd varied in the upper Pinnacle. Load
casts and slumps develop in magnetite beds greater than 2 cm. The crest
of symmetrical ripples are rarely higher than 2 cm. Larger mega-ripples
are truncated by tabular cross beds which indicate a unidirectional
f low. Parallel
beds and laminations are numerous. Laminations can be as
thin as one grain, attesting to the r emarkable sorting in this unit. The
above bedforms do not correspond to any stratigraphic horizon. However,
channels and dolomitic lenses are restricted to the upper 7 meters of
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thp P 1nn.icle F01malion. !he P1n11aclL' rnr mal ion

l S

15 0 -· 190 me t PT"'. t hi ck .

The Pinnacle Formation is overl ain by th e Wh1l e Bruok For ma tio n .
lh1s unit
ts cl hruwn-wPalher1ng sandy dolom1t 1c mar b le.
De tr· it.ll
maqnel1te 1s never prPSPnt.
Th e White Broo k i s
om.• o f
tll P lles t:
st.1 dt1qraphic
ma1·kprs becau~.e of i t s hi g h i- e c;1 s tancr- t o P 1 o s 1nn.
locally, a basal dolomitic sanrlsto n e
lS p resent in lhP Wh ite Bronk
foi- m..1tion. ln ~.ome place, a black hema tif er uu s ~; late l S abumJa 11 t. lhf'
Wh ile Bruok hn<.; a mi1x1m11m thick n ess of 30 me t e r s , but i c; highly v a ri a lil1 ~
and IJpcnmes discontinuous 11ei11· l h P in tr ~ rn a tt o n a l bord e r.
Anotlwr hematlferou5 slate horizo n ( 3 0 c m th i ck> i s loca l l y prespnt
at thr hac-.e nt
the West Sutton r:or· matio n. However , the W1?st S utto n I S
typically a silver- tu grPen1sh· -gray ph y l ht e . A ch l oritic wacke i s al s u
assoriatC'd with the West Sulton rnrmatio n . Th is f ormation has a max im11m
tll1c.kness of 30 40 meters.
Tl1P West Sutton pass into the Frel11Jhsburg F o r mation. In t h e c our s r>
of this excursion. only the lower Frel1g h sb u r g wi ll be o b ser v e d. It is ~
pale qreen phyll1te that weathers orang e .
Th e
l o wer Frel ighshurg l <i
rharacler ized by the presence of mill i metri c to cent1 me lr1 c quartzo fP ld ·:;pathic lenses. FinP euhedral ci- y s tal s of magnetite or pyritP. are
d bu ndant.
Larger pyritP rubes are r eplaced by li mo n ite , confering a
"spo tty" aspect to this rock.
lhe q u a r t z o - tel d •>pathic l e nses a rr. the
result of two succes•;1vP transpositi on of thin s ilty bed s .
presence of pillow str uc t ure <~ in the fib hit Hi ll Formation
that at least part of
t he vol canir pile wa s e xtruded in a
su b aqueous environment. Whether the e nt 1 r e Ti bbit Hi 11 was s ubaqueous i s
pr ob lema tical. The rhemical
af f ini ty of these rocks, their bimodal
n ature , and the geometric distri b u t i on and t hi c kness ind i cates that the
Sut ton area was the focal point of r ifting in the Quebec re-entrant
during l a te-Hadrynian time (Ku mar apel i et al., 198 1 , Wil l i am s, 1978, and
Ranki n, 1976). In such an envir onment high heat
flow will pro hibit the
initia l s ubs i denc e of sur rounding terrane. Evid ence fo r slow s ubsidence
i s see n i n the over lying el a s tic s e quence .
The

ind ical~s

The latera l c ont i n u i t y of the Call Mi l l
Member
i ndicates that
v olcan i c a c t ivity ceased pri o r
to Call Mill ti me. Th e upper c ontac t is
interpre t e d to b e e ro sio nal because of its sh a rp na tur e and t h e presencf?
of sla t e c l as ts in the lowermost Pinriacle F o rmati o n. fhe Pinnacle time
repr e sents the b eggi ning of
clas tir
sedime n t ation.
The abundance of
chlorite matr ix
in the lower Pinnacl e sec tion s uggests the subaerial
ex p osure and e ro s ion of vo l canic t e rrane s
<Ti bb i t Hill Formation}. The
p enepl a nat1on o f
the volcanic terranes o ccured du r ing middle Pinnacle
time, as indi c a t e d b y the scarcity of ma tri x i n the upper un i t.
Several lines of evidence suggest a s ta tic , shallow water, high
ene rgy environment t hrough Pinna cle time. Th e prese nce of heavy minerals
and the deposition o f
these as beach placers i s found throughout the
P i nnacle Formation,
indicating th e proximity to a shoreline. A shallow
water environment i s further suggested by t he appe arance of d olomitic
lenses in the uppermost Pi nnacle. The absenc e of "shale" hor i zons and
the bedforms in th e u p per Pinnacle implies constant reworking and
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winnowing of sediments.
The calcareous cement of the uppermost Pinnacle and the occurence
of dolomitic lenses indicates that there is no time gap between the
reworking of the last Pinnacle sedi ment and the deposition of White
Rrook lithologies. The presence of hematiferous slate within and on top
of the White Brook suggest a deeper environment. Pa~;saqe into the West
Sutton "shale" agree with this interpretation. The chloritic wacke
associated with the West Sutton Formation probably results from storm
gPnerated reworking of Pinnacle sediments deposited in a more distal
environment, attesting for the paucity of heavy minerals.
We believe that a "rapid" episode of subsidence began during White
Brook time. Subsr!quent uni ts r·ecord a dPeper or more distal environment.
In this context, the Frelighsburg Formation is interpreted as a distal
turb1dite, where thin silty horizons are interbedded in a shaly matrix.
Transition from initial to thermal subsidence occured during middle
Frelighsburq time as indicated by the coarsening upward sequence of this
formation.
The same stratigraphy is preserved within the "Mansville Phase",
east of the EFPMA. However, the units are considerably thinner there
<table Ill). Only the Pinnacle Formation presents a different aspect. lt
is a dark gray dirty sandstone with millimetric clean quartzite laminae.
On the east side, the "Mansville Phase" is bordered by a rusty
weathering black graphitic phyllite. This phyllite often contains
millimetric to centimetric quartzo-feldspathic beds. Pyrite molds are
common.
East of the "Mansville Phase", the rock assemblage is known as the
Sutton Schist. This "group'' includes some black graphitic schist
(simi la1· to those of the "Mansvi l le Phase"), a quartzo-feldspathic
gneiss <?>, a quartz
albite
tourmaline meta-arkose, an albite
porphyroblasts greens tone, a si Iver-gray muscovite -- quartz schist, some
laminated quartzite and a quartz
feldspar - muscovite - chlor·ite
laminated schist ( simi lai- to the Fr el ighsburg). No stratigraphy of the
Sutton Schist have been established yet. However, current work indicate
that some of these units are continuous and may eventually lead to the
definition of a stratigraphy. The aim of such work is to compare a
possible stratigraphy of the Sutton Schist with the well established
series of the Oak Hill Group.
Historically, correlations with the Oak Hill Group <Table I> have
been supported by the low chemical maturity of metaclastics and the
presence of metavolcanic and some marble horizons <Clark, 1934). The
chemistry of greenstones indicates that they were extruded through a
thimier continental crust than the Tibbit Hill <Coish et al.,1985).
Therefore, the Sutton Schist may record a later stage of rifting and
should not be envisaged as time correlative with the Oak Hill, at least
for the pre-drift section. However, some distal equivalent of the drift
facies of the Oak Hill Group might be present in the Sutton Schist (e.g.
black graphitic schist = Sweetsburg Formation; qz-fd-mu-cl laminated
schist
Frei ighsburg Formation ? ) • Constraints on environment may be
provided by the presence of tourmalinite laminae in several lithologies.

=
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Cumpar1son of thicknE's•;er, h•'twren thP "normal" s equern_P
nt the Ua~ Hill Gro up <e.g. west of the f:FPMA> and the
" Mansv1lle Phase". Th1ckne~s 1n meters.
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Chown <1987) reports tourmalinite from environment subjected to p dr t i al
evaporation. A similar origin for the tourmalinites of the Sutton Schist
is compatible with a rift environment.

Structural geology:
The Sutton area has undergone three phases of deformation. The
first one is represented by the S1 schistosity. S 1 is best developed in
phyllitic rocks.
In the "Mansville Phase", the early schistosity is
ubiquitous. Although F, folds are rarely observed,
the map pattern
suggest the presence of an early folding event. The transposition of S 1
along the ~ cleavage is p1-obably respons ible for the obliteration of
the early folds at mesoscopic scale.

The dominant cleavaqe, Se,
is a crenulation cleavage axial planar
to tight to isoclinal folds.
Fe folds dominate the map pattern.
Muscovite recrystallization along the ~plane increases eastward. Se
defines a cleavage fan centered on the EFPMA (fig.3>. This anticline is
a second phase structure. In the "Mansville Phase" important slip along
~ results in the shearing of the 1 imbs of Fe folds.
A late "fracture cleavage" (5;,,) is sparsely developed west of the
EFPMA. To the east, F3
open folds and undulations deform anterior
structures. The third phase is responsible for the formation of the
GSMA. The last two phases of deformation are dated to be laconic in age
<Rickard, 1965).
The change in plunge of F 2 axis, from norteast to southwest, is
interpreted here as the result of the interference of the first two
phases of deformation. This issue in basin and dome <type ll and hook
<type 2, Thiessen, 1986) interference patterns.
The main brittle structures in the area are present in the
"Mansville Phase". In fact,
this "Mansville Phase" is a fault-bounded
zone within which intense shearing and stretching did occur. Fault zones
are illustrated by stratigraphic truncations, fault slivers and shear
fabrics (C/S). Small magnetite octahedron are often present on both side
of the fault contact. The dominant faults are interpreted as second
phase structure, because of the intense shearing observed along Se and
the fact that sides of shear bands are parallel with the dominant
cleavage. Fault zones are not as easy to recognize within the Sutton
Schist, due to the more recrystallized nature of these rocks. The best
indicator of fault zone is the presence of serpentine slivers.

Discussion:
The first
two phases
of deformation are related with the
accretionary stage of the laconic orogen. Geophysical data suggest that
the Oak Hill Group may still be rooted <St-Julien et al_, 1983), being

4S2

Figure

3:

Equal-area stereonets of poles
of Se and 53 for the different
structural domains. Contours are
of 1, 2, S, 9, 15, 20 and 30
percent per 1 percent area.

I

I

I

I

~

~

~
~

~
~
~

:1

~

u

.

.

~
~
~

M

00
00

i

w
z
.....
~

~

0

c

,....

'...-

~

/

I
I
I

I

453

C-5
transported on a basement slice in a later stage of accretion .
Although t-ew indications of the first phase <D 1 > are observed in
the field,
we believe that F 1 folds and S 1 schistosity are rrlated with
the emplacement of nappes. Relative timing of the D1
episode wi th
respect to the external domain is constrained by the fact that the 0 1
stage Stanbridge nappe is thrusted over by the Oak Hill Group along a
seco nd phase fault <Charbonneau, 1980).
~

tanning developed contemporaneously with folds and thrusts of
generation CDe>. This 1s indicated by parallelism of thi-s
cleavage with fault structures. Backthrusting along the "Mansville
Phase" is interpre t ed to be coeval with westward thrusting at the toe of
the Oak Hill
" slice". Conjugate fault system appear s
to develop
preferentially in the surficial part of the orogen. Away from the master
decollement
(e.g.
the sole of the Oak Hill slice), the backward
component becomes more important. The Sutton area is considered to lie
at intermediate crustal
level, where both types of structure are
developed. ln this context,
the "Mansville Phase" is a 500 meter-wide
shear zone where deformation took place by intense shearing and
5tretching.
~.econd

Prelimina ry work on metamorphism supports this evolution. Rocks of
t he Oak Hill Group were first subject to higher metamorphic grade (upper
greenschist ?> during D 1
thrusting,
being
buried
beneath the
allochthons. De deformation brought up the Oak Hill Group in a "pop-up"
fashion along the conjugate fault system, as attested by the chlorite
grade, lower greenschist metamorphism. More intense recrystalli z ation of
the Sutton Schist results from deeper environment during D1 as well as
ll: unde1-thrusti ng.
The last phase (~)
records the final collision of the island-arc
with the continental margin. Broad arching, in the Sutton area, exposed
biotite grade rocks in the core of the GSMA.

Conclusion:
The lower Oak Hill Group records the early stage of rifting during
the late Precambrian opening of Iapetus. Sedimentology of the Pinnacle
Formation indicates a static shallow water and high energy environment,
attesting to a low rate of initial subsidence. This contrasts with the
sedimentology of the Pinnacle sequence in central Vermont <Dowling et
al., 1987). Such contrast is explained by the relative position of the
basin to the focal point of rifting, where a thermal bulge is expected
to form. The Sutton area is then interpreted to be in proximity to the
paleo-position of
the triple junction that generated the Quebec
reentrant.
These rocks were later involved in the three phases of deformation
of the laconic orogeny. The dominant structural features of the area
result from the second phase. Deformation was concentrated within
specific zone of high strain like the "Mansville Phase".
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Itinerary:
Assemhly point is the res taurant Chez Camil, Sutton, Quebec, on
route 139, 10.8 km north of the Richford custom station. Parking space
is available in the commuter lot, few meters to the northeast of the
restaurant (fig.4). Starting time
is 9:00
AM. Topographic map:
Cowansville 30' quadrangle <NTS 31H/2; 1:50 000>.
kilometers
- - ··--- 0.0

From the
(south> .

parking

lot

in

Sutton,

take

left

on route 139

4.4

Take right on Alderbrook road.

5.1

Turn left on Perkins road.

9.3

§TOP_j__: 50 m after the junction of Perkins and Three Pa1·ish
roads <to the left> park cars on the side of the road near the
d1-iveway that lead to the Ross farm. Take driveway to the farm
house and ask permission to get in the woods in back of the
fa1·m.
The hill back to the farm display the complete stratigraphy of
the lower Oak Hill Group exposed on the overturned limb of a
basin. Climb the hill from the eastern side; refer to text for
details on the stratigraphy and sedimentology of the lower Oak
Hill Group.
At the end of the traverse, return to cars and continue
westward on Perkins (at this point, Grande Ligne} road.

13.6

Take left on Russel road.

14.8

At the intersection of Russel and Jordan roads, turn right and
then left on Dymond road (50 ml.

17.0

Turn right on McCullough road.

19.6

Take right on Strobl road. Drive up to the end of this road.

20.2

STOP 2: Park cars off the road near the house of Kara and Gail
Chaplin-Szathmary. Ask permission to get at the outcrop
located in the backyard. HAMMERS ARE PROHIBITED ON THIS
OUTCROP.
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This locality exhibits the numerous sedimentary featu res
encountered in the upper Pinnacle Formation. Contact with the
White Brook Formation is exposed at the northwest end oi the
yard. Note the abundance of black sandstone, the presence of
dolomitic
sandstone
lenses
in
the
Pinnacle and the
transitional clean sandstone near the contact.
We will eat lunch at this locality. After
Strobl roacJ and take right on McCullough.

lunch drive back

25.1

At the T intersection, turn left on Alderbrook road.

27.8

Take left on Macey road at the road crossing at West Sutton.

28.1

STQP ~: Park cars ln front of the outcrop located on Mr.
Hamel's property. This is only a short stop to illustrate the
style of folding associated with De structures of the western
limb of the EFPMA. Folds are defined by black sandstone beds
of the upper Pinnacle Formation. At this locality, a small
basin is cored by the White Brook and West Sutton Formations.
Going southeatward from the Pinnacle exposure, get in the
White Brook Formation. Note the presence of thin "seams" of
hPmatiferous slate and the numerous quartz veins. Then, going
northeastward, get in a small open pit. The floor of the
dugged area is composed of chloritoid-bearing West Sotton
phyll i te.
From this locality continue westward on Macey road.

31.0

Take right on North Sutton road.

33.9

Cross the
eastward.

3:1.0

Take left on Draper road at the "Y" intersection.

36.4

STQP 4: After the end of paved road, take left on the second
driveway <Hathaway Farm). Park cars on the left side of the
barn. Ask permission to get in the pasture.

intersection at

North Sutton

and get on route 139

This locality display the various facies of the Tibbit Hill
Formation. See figure 5 for the location of the different
facies and particular features. The western end of the
pasture exhibits a small double basin cored by the lower
Pinnacle Formation.
From the Hathaway Farm, take left on Draper road. The next
four stops will illustrate the structural features of the
"Mansville Phase".
37.4

Turn left on Woodard road.
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~TOP ~:

Park cars on the ri ght side of the road at the end of
the fi r st field. Walk up to the second field, then, along the
nm-t hern edge, reach the corner of the field. Follow the red
flags up to the trail. Refer to figure 6 for outcrop location.
This locality present a small fault-bounded refolded syncline
that exhibits the stratigraphy of the Oak Hill Group within
the "Mansville Phase". Note the thickness of the diffc:>rent.
unit s .
After this stop, co ntinue southward on Woodard road.

38.6

lake right on Hivernon road, then left on Godue street (38 . 7).
Climb up the hill and tu1-n left on Harvey street (39.ll. Park
cars on side of the street.
STOP 6: Walk back to the intersection of Gadue and Harvey. A
black
graphitic
schist
containing centimetric quartzo feldspathic laminations is exposed in the right-side ditch.
S,, S: and Sa are observed in this outcrop. The same rock i·~
exposed on both side of the house facing Godue street. On the
left side, at the end of the driveway, the same structures are
present. From this outcrop westward, go to the end of the
yard. A few greenstone outcrops are visible. Regional mapping
indicates that they are the exposed part of a fault sliver of
the Tibbit Hill Formation. Here the Tibbit Hill is bounded by
the Frelighsburg Formation and the black graphitic schist (a
possible correlative of the Sweetsburg Formation).
From this locality, continue westward on Harvey street.

39.7

STOP 7: Take left on Hivernon road, then park cars on the side
near a trail going south from Hivernon, 30 m before Asa Frary
street. Walk down the trail. Outcrop is in thP. woods 7 on the
right side, 20 m before the bee hives.
This locality
exhibits
a
fault
contact
between the
Frelighsburg (east> and the White Brook (west) Formations.
Note that magnetite octahedrons are present only in the
immediate proximity of the contact and developed on both sides
of the fault. Note also the presence of shear bands in the
Frelighsburg near the contact.
Go back to cars and drive back Hivernon road to Harvey street,
and take left toward route 139. Go southward on route 139.

41.2

STOP B: Turn left in the parking lot
course. Park cars.

at the

Rocher Bleu golf

The lawn in back of the parking lot exhibits several small
outcrops of White Brook dolomite. At the eastern edge, it is
possible to follow the same contact between the White Brook
and the Frelighsburg as observed at locality 7. Note again the
presence of magnetite octahedrons in both lithologies.
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Approximate scal'e: 1 :2500.

461

C-5

Going down the hill, along the southern side of the fairway,
the first outcrop present is a highly sheared lithology that
may belong to either the West Sutton or Frelighsburg. Note the
nose of small F,,,folds preserved between two ~1 2-- slip planes.
From the golf course, take route 139 south to Sutton.
Return to the commuter parking lot in Sutton.
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The itinerary f or Tri p C-6 starts on page 314. The introductory article
for this tri p , the i tine rary for Trip B-8, and the articles by Laird and
Coish are a ll assembl ed as a package .
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TECTONIC SETTING OF THE NORTHERN PART
OF THE GREEN MOUNTAIN MASSIF, VERMONT 1
Paul Karabinos
Department of Geology
Williams College
Williamstown, MA 01267
and
U.S. Geological Survey
Reston, Va 22092

INTRODUCTION
The Green Mountain massif in southern Vermont is cored
by Middle Proterozoic basement rocks of the Mount Holly
Complex (Doll et al., 1961; Fig. 1). The massif is bordered
on the west by a sequence of Late Proterozoic to Middle
Ordovician conglomerates, quartzites and marbles containing
minor amounts of phyllite. This western sequence of cover
rocks was deposited in shallow water on the continental
shelf of ancient North America, and is blanketed by Middle
Ordovician synorogenic flysch, which heralded the arrival of
the Taconic thrust sheets (Cady, 1945; Rodgers, 1968).
The
basement rocks of the massif are bordered to the east by a
very different cover sequence of Late Proterozoic to Lower
Cambrian conglomerates, graywackes, and pelitic and mafic
schists containing minor amounts of quartzite and marble.
Farther east of the eastern cover sequence are maf ic and
pelitic schists and bimodal metavolcanic rocks of unknown
but presumed Cambrian to Middle Ordovician age (Doll et al.,
1961; Zen et al., 1983). These rocks may be remnants of an
accretionary wedge and island arc complex (Rowley and Kidd,
1981; Stanley and Ratcliffe, 1985).
The basement rocks of the Mount Holly Complex were
deformed during the Middle Proterozoic Grenville orogeny.
These rocks, together with the cover
sequences, were
deformed and metamorphosed during the Ordovician Taconian
and Devonian Acadian orogenies (Zen, 1967; Rosenfeld, 1968;
Hepburn, 1975; Laird and Albee, 1981; Sutter et al., 1985).
Within the map area of Figure 2, the Paleozoic metamorphisms
reached no higher than biotite grade, except for some rocks
in the northwest part of the area which reached garnet
grade.
The Grenville metamorphism occurred at higher
temperatures, however, with the result that pegmatites are
common in basement rocks of the Mount Holly Complex in the
lPublication authorized
Survey

by
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Figu re 1 . Generalized tectonic map of western New England
and eastern New York.
Brick pattern- Late Proterozoic to
Middle Ordov ician western shelf sequence and Middle
Ordovician synorogenic flysch; vertical dashed patternLate Proterozoic to Middle Ordovician slope-rise sequence;
coarse hatchured pattern- Middle Proterozoic basement
unconformably overlain by western cover sequence rocks; fine
hatchured pattern- Middle Proterozoic basement unconformably
overlain by eastern cover sequence rocks; unpatterned unitpresumed Cambrian to Ordovician remnants of an accretionary
wedge and island arc complex; SD- Silurian and Devonian
formations; MB- Mesozoic basin. Major tectonic features:
AM- Adirondack massif; BM- Berkshire massif; CD- Chester
dome; GM(U)- structurally higher tectonic unit in the Green
Mountain massif; GM(L)- structurally lower tectonic unit in
the Green Mountain massif; TK- Taconic klippen. Minor
tectonic features and locations: c- Clarendon, VT; D- Devils
Den exposure of cover rocks; DT- Dorset thrust sheet; JJamaica, VT; P- Pine Hill thrust; R- Rutland, VT; TD- The
Dome; W- Williamstown, MA. Polygon shows area of Fig. 2.
Heavy lines- thrust faults, teeth point to upper plate.
Based on Doll et al. (1961), Zen et al. (1983), Thompson et
al. (1982), Karabinos and Thompson (1984), Stanley and
Ratcliffe (1985), and Thompson and McLelland (in press).
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PICO
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KILLINGTON
RUTLAND
PEAK

EXPLANATION
WESTERN COVER SEQUENCE

Os:
~cs

£da
-cmw
-£w

£m

£d
£c

EASTERN COVER SEQUENCE

Shelburne Marble
Clarendon Springs Formation
Danby Formation
Unditterentiated Monkton
Quartzite and Winooski
Dolomite
Winooski Dolomite
Monkton Quartzite
DunhAlll Dolomite
Cheshire Quartzite
£Zp: Pinnacle Formation
(uncertain attinity)

-£Zph: Pinney Hollow Formation
~Zh:
Hoosac Formation
~Zt:
Tyson Formation

-------- unconformity
Mount Holly Complex
(Relative ages uncertain)
Ymt: Falsie gneiss
Yma: Microcline augen gneiss
Y:mm: Marbles and calcsilicates
Ymq: Quartzites and teldspathic quartzites

Figure 2 . Geologic map of the north end of the Green
Mountain massif based of field mapping 1981-1985. Structure
in ·the western cover sequence south of Rutland, VT (R) based
on Brace (1953) and Doll et al. (1961). N- Nickwacket
Mountain. Heavy lines- thrust faults, teeth point to upper
plate.
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Green Mountain
massif .
This contrast
in grade of
metamorphism
provides
the
most
useful
method
for
distinguishing between basement and cover rocks, although it
can be difficult to identify basement rocks where the
effects of Paleozoic deformation and retrograde metamorphism
are especially intense.
Doll et al.
(1961) interpreted the structure of the
Green Mountain massif as an anticlinorium with a facies
transition between the western and eastern cover sequences
occurring over the eroded crest of the massif. Such a
facies transition is not observed, however, at the north
(Figs. 1 and 2) and south (Zen et al., 1983) ends of the
massif where the two cover sequences are in fault contact.
Stanley and Ratcliffe (1985, Plate 1) suggested that the
basal units of the western cover sequence are related to the
basal Tyson and Hoosac Formations on the east side of the
massif by a facies transition, but proposed that units
structurally above the Hoosac Formation were transported
westward by thrust faults.
Based on detailed mapping near Jamaica (Karabinos, 1984)
and Rutland, Vermont
(Karabinos
and
Thompson, 1984;
Karabinos,
1986),
together
with
reconnaissance work
elsewhere, I suggest that the Green Mountain massif is a
more complicated
structure composed
of two different
tectonic units (Fig. 1). The northeastern unit is composed
of Middle Proterozoic basement and unconformably overlying
eastern cover sequence rocks. It is structurally higher and
more highly-transported than the southwestern unit. The
southwestern unit is composed of Middle Proterozoic basement
and unconformably overlying western shelf sequence rocks and
is relatively less transported.
As discussed later, a
minimum relative displacement of 16 km between the two
tectonic units appears to be necessary to explain the
current structural geometry.
At the latitude of Rutland the eastern boundary of the
massif is an unconformity, whereas the western boundary is a
thrust which carried basement rocks of Middle Proterozoic
age and rocks of the eastern cover sequence westward over
the western shelf sequence (Figs. 1 and 2). The massif is
made up of several thrust sheets
composed of Middle
Proterozoic basement rocks and eastern cover rocks and the
stratigraphy of the cover rocks can be correlated between
thrust sheets.
The main purpose of this field trip is to
examine the basement-cover relationships
which provide
evidence for these proposals.
Other important questions which may help fuel debate
during the trip are: 1) How can we distinguish between the
basal parts of the western and eastern cover sequences?, 2)
what deformational features
are
attributable
to the
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orogeny vs.
the Devonian Acadian
Ordovician Taconian
what is the relationship between
orogeny?, and
3)
thrusting in the Green Mountain massif and the Taconic Range
to the west?
Stratigraphy
The map area in Figure 2 is mostly contained in the
Rutland, Vermont, 15 1 quadrangle mapped by Brace (1953) and
the Rochester, Vermont, 15' quadrangle mapped by Osberg
(1952, unpublished manuscript map).
These works were used
by Doll et al. (1961) in compiling the state map of Vermont.
These authors along with MacFadyen (1956), Skehan (1961),
Hewitt (1961), Chang et al.
(1965), and Thompson (1967)
describe the stratigraphy in and adjacent to the Green
Mountain massif in detail. What follows is a brief summary
of the lithologic units in the Rutland area. The principal
differences between the present and past interpretations of
the stratigraphy are that: 1) I correlate the basal cover
rocks along the west boundary of the massif with the Tyson
(Doll et al, 1961) and Hoosac Formations of the eastern
cover sequence, whereas Brace (1953) mapped these rocks as
the Mendon Formation.
(Indeed, this belt includes Whittle's
(1894) type
locality of
the Mendon
Series, in his
terminology);
2) I have mapped marbles west of Nickwacket
Mountain (Fig. 2) as part of the western shelf sequence
instead of the Forestdale Marble Member of the Mendon
Formation (Brace, 1953).
The possibility of this latter
interpretation was first suggested to me by P.H. Osberg and
J.B. Thompson, Jr ..
Middle Proterozoic Basement Rocks
Mount Holly Complex
Yma, Augen
Gneiss:
Microcline, plagioclase, quartz,
biotite, muscovite, epidote gneiss. Also occurs as 1-3
m thick layers within other rock types in the Mount
Holly Complex.
Ymq, Quartzite and feldspathic quartzite: Clean, massive,
vitreous, blue quartzite.
Feldspathic and micaceous
quartzite commonly containing chlorite and garnet. Rare
beds of quartz,
muscovite,
paragonite, chloritoid
schist.
Ymm, Marble and calc-silicate rock: Coarse-grained calcite
marble.
Tremolite, talc, calcite, epidote, phlogopite
schist;
may
contain
chlorite, plagioclase,
and
microcline.
Ymf, Felsic Geisses: Heterogeneous plagioclase, quartz, ±Kfeldspar, biotite, chlorite, epidote, muscovite gneiss;
may contain altered garnet.
Eastern Cover Sequence Rocks
Tyson (Doll et al., 1961) Formation
£Ztc, Basal Conglomerate:
Sand-sized detrital grains to
boulders of blue quartz or quartzite, feldspar, and less
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commonly lithic fragments of gne iss in a matrix of
quartz, albite, muscovite, biotite, chlorite schist.
£Zts, Schist:
Quartz, albite, muscovite, chlorite, biotite
schist; commonly contains weathered pits and nodules of
carbonate minerals.
Light gray carbonate-rich quartz,
muscovite schist.
£Ztq, Quartzite:
Light
gray, fine-grained quartzite
containing minor amounts of muscovite and feldspar.
£Ztd, Dolomite:
Fine-grained, buff-weathering, massive
dolomite; many beds contain detrital quartz grains.
Magnetite-rich near upper contact with Hoosac Formation.
Hoosac Formation
~Zh, Albite
Schist: Albite porphyroblast, quartz, biotite,
muscovite, chlorite schist near base.
Dark gray
graphitic quartz, albite, muscovite, biotite, chlorite
phyllite; commonly contains beds of dark quartzite,
rarely contains thin beds of dolomite.
Pinney Hollow Formation
£Zph, Green phyllite:
Quartz, albite, muscovite, chlorite
phyllite or fine-grained schist.
Quartz, muscovite,
paragonite,
chloritoid,
chlorite
phyllite.
Less
commonly
albite-porphyroblast,
quartz,
muscovite,
biotite, chlorite schist.
Includes epidote, chlorite,
quartz, plagioclase, muscovite greenstone.
Rocks of Uncertain Affinity
Pinnacle Formation
£Zp:
Medium to dark gray quartz, feldspar, biotite,
muscovite, chlorite metagraywacke.
Detrital grains of
quartz, feldspar, and mica typical.
Well bedded.
Contains beds of quartz, albite, muscovite, biotite,
chlorite schist.
Western Cover Sequence Rocks
Cheshire Quartzite
£c: White, vitreous, massive quartzite. Interbeds of dark
gray quartz, muscov ite, biotite, chlorite phyllite and
feldspathic, micaceous quartzite common near base.
Dunham Dolomite (Doll et al., 1961)
£d: Buff-weathering dolomite containing siliceous partings
and detrital quartz grains.
Monkton Quartzite and Winooski Dolomite
£mw: Interbedded impure quartzite and buff, orange, yellow,
or dark gray dolomite.
Green and dark gray beds of
phyllite also present.
Winooski Dolomite contains
somewhat less quartzite than the Monkton Quartzite.
Difficult to separate these units in the Rutland area.
Danby Formation
£da :
Vitreous quartzite interbedded with gray calcitic
dolomite. Dolomit ic quartzite and quartzose dolomite.
Cross-bedding common.
Cl arendon Springs Formation
£cs: Gray calcitic dolomite.
Shelburne Marble
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Os : White calcite marble . Intermediate gray dolomit e unit .
Ira Formation
Oi:
Dark gray
quartz , muscovite, biotite, chlorite
phyllite; contains beds of blue-gray calcite marble.
Basement-cover relationships
The contact between the basement rocks of the Middle
Proterozoic Mount Holly Complex and the Late Proterozoic to
Lower Cambrian Tyson Formation
is a
well documented
unconformity along the east margin of the Green Mountain
massif.
Dale (1916) interpreted this
contact as an
unconformity and so has every other worker who has mapped it
in detail, including Thompson (1950), Rosenfeld (1954),
Brace (1953), Skehan (1961), Chang et al. (1965), Karabinos
(1984}, and Karabinos and Thompson (1984). We will see this
contact at Stop 2.
The extent of stratigraphic continuity upward from the
unconformity, within the cover sequence, is an important
issue to resolve.
Doll et al. (1961) showed the cover
sequence east of the Green Mountain massif as a homoclinal
sequence in which rocks become progressively younger to the
east, with a major unconformity between Ordovician and
Silurian formations. Zen et al. (1983), however, mapped the
equivalent rocks along strike to the south in Massachusetts
with numerous
thrust faults
dissecting the sequence.
Ratcliffe and Hatch (1979) and Stanley and Ratcliffe (1985)
proposed that the cover sequence east of the Green Mountain
massif and around the Chester dome also contains faults at
about the same position as the Hoosac Summit and Whitcomb
summit thrusts of northern Massachusetts. Recent mapping
(e.g. Karabinos, 1984; Thompson et al., 1982; Thompson and
McLelland, in press) shows
that thrust
faulting was
important, but more mapping is needed to correlate faults in
southeastern Vermont with thrusts mapped elsewhere.
Based on detailed mapping near Jamaica and Rutland,
Vermont (Karabinos, 1984, 1986; Karabinos and Thompson,
1984) and the work of others (Osberg, 1952; Brace, 1953;
Skehan, 1961; Chang et al., 1965; and Thompson, 1972) I
interpret the Tyson, Hoosac, and Pinney Hollow Formations as
being stratigraphically continuous. In the Jamaica, Vermont
area and at the north end of the Green Mountain massif the
contact between the Hoosac and Pinney Hollow Formations is
gradational and is not marked by evidence for strain
gradients
indicative
of
thrusting
(Karabinos, 1984;
Karabinos and Thompson, 1984).
There are also many rock
types common to the Tyson, Hoosac, and Pinney Hollow
Formations suggesting that they were not deposited in
dramatically different
environments.
Furthermore , the
contacts
do
not
show
the
persistent stratigraphic
truncations used by Knapp and Stanley (1978), Stanley (1978 ,
1982), and Ratcliffe (1979) as evidence for thrusting in the
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Rowe
Schist
in
Massachusetts.
Primary sedimentary
structures are rarely preserved in the Tyson , Hoosac, and
Pinney Hollow Formations, but their lithologies suggest that
they were deposited in a deeper water environment than the
quartzites and marbles of the shelf sequence. Zen (1967)
and Thompson (1972) correlated these formations with rocks
in the Taconic sequence to the west, some of which were
deposited in a slope-rise environment (Friedman, 1979;
Rowley et al., 1979).
If this interpretation is correct,
discontinuous quartzites and marbles in the Tyson and Hoosac
Formations may
have originated
as sedimentary lenses
(Skehan, 1961; Chang et al., 1965) and may have been derived
from shelf rocks to the west.
Keith and Friedman (1977)
proposed that similar quartzite and marble
lenses in
Cambrian rocks of the Taconic sequence formed by fluidized
sediment flows and debris flows, which carried shelf derived
material into deeper water.
I have correlated cover rocks
occurring in thrust sheets in the northern part of the
massif with the Tyson and Hoosac Formations (Fig. 2) based
on the similarity and sequence of lithologies.
On the west side of the massif south of Clarendon,
Vermont (Fig. 1) the contact between the Mount Holly Complex
and the Late Proterozoic to Lower Cambrian Dalton Formation
is an unconformity (MacFadyen, 1956; Thompson, 1959; Skehan,
1961; Hewitt, 1961; Doll et al., 1961; Zen et al., 1983).
The Dalton Formation is conglomeratic near the unconformity
and phyllitic near its upper contact with the Cheshire
Quartzite.
It
is
not uncommon, however, for the
conglomerate to grade directly into massive quartzite beds
of the Cheshire Quartzite and for the intervening phyllite
to be absent. The Dalton Formation is particularly thin and
lacking in
phyllite in the Wallingford, ·vermont, 15'
quadrangle (J.B. Thompson, Jr. and E. Downie, personal
communications, 1985) just south of the map area shown in
Figure 2.
Detailed mapping in the Killington Peak, Rutland, Pico
Peak, Chittenden, Mount Carmel, and Brandon, Vermont, 7 1/2'
quadrangles during the summers of 1981-1985 indicates that
the western boundary of the Green Mountain massif north of
Clarendon, Vermont is a major thrust fault (Figs. 1 and 2;
Karabinos and Thompson, 1984; Karabinos, 1986).
Rocks of
the western shelf sequence, varying in age from the Early
Cambrian
Cheshire
Quartzite
to the Early Ordovician
Shelburne Marble, structurally underlie basement rocks of
the Mount Holly Complex or cover rocks which I interpret as
basal units of the eastern cover sequence (Fig. 2). The
cover rocks in the hanging-wall of the fault typically
contain the sequence, upward from the basement contact:
pebble to boulder conglomerate in a graywacke matrix;
graywacke, commonly containing weathered carbonate grains
and nodules and beds of quartzite and phyllite 1 m to 100 m
thick; light gray quartzite; dolomitic marble; and albite473
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bearing phy l lite
or schist
locally interlay ered with
chloritoid-paragonite phyllite . These lithologies and their
sequence are very similar to the common units in the Tyson
and lower part of the Hoosac Formations on the east side of
the massif at this latitude.
As shown in Figure 2, the Green Mountain massif at the
latitude of Rutland is made up of several thrust sheets
composed of Middle Proterozoic basement and Late Proterozoic
to Lower Cambrian cover rocks belonging to the eastern cover
sequence.
Despite folding of the thrust sheets by later
deformation, it is still possible to recognize stratigraphic
truncations along fault boundaries.
The basement-cover relationships suggest that the Green
Mountain massif is made up of two different tectonic units.
Middle Proterozoic basement rocks of a structurally higher,
more highly-transported unit are unconformably overlain by
the eastern cover sequence.
The upper part of this cover
sequence (Hoosac , and Pinney Hollow Formations) was probably
deposited in a slope-rise environment, as discussed above.
The lower part of the sequence probably represents rift
elastic deposits.
Basement rocks of a structurally lower,
relatively less transported unit in the southwestern portion
of the massif are unconf ormably overlain by the western
cover sequence dominated by quartzites and marbles deposited
in a shelf sequence (Cady, 1945; Rodgers, 1968). The
boundary between these two
tectonic units
is poorly
constrained in the central and southern interior of the
massif where detailed mapping is incomplete and exposure
rather spotty, and it need not be an east-dipping thrust
along its entire length. E. Downie and J.B. Thompson, Jr.
(personal communications, 1986) suggested that the boundary
could instead be a normal fault west of the Devils Den
exposure of cover rock (Fig. 1). Another possibility is
that some portions of the boundary are west-dipping back
thrusts with eastward displacement of western cover sequence
rocks and the underlying basement.
Conditions and age of thrust faulting
Where the location of thrust faults is well bracketed
and samples have been collected, thin section analysis shows
that in fault zones quartz deformed in a ductile fashion
with extensive recrystallization, whereas feldspar deformed
brittlely (Karabinos, 1986). Paleozoic metamorphism did not
exceed biotite grade conditions in the area of Figure 2,
except for a small region in the northwest part of the map
area.
Thrusting, therefore, probably occurred at biotite
grade conditions.
on
the
f acies
Without
independent
information
relationships
between
the
western and eastern cover
sequences, it is difficult to estimate the displacement on

474

C- 7

thrusts in the northern part of the Gre e n Mount a i n mass if
required to produce the observed j u xtaposition o f t he two
cover sequences.
The basal l ithologies of the two cover
sequences are similar (Dalton Forma tion on the west side and
Tyson Formation on the east side ) but the overlying Cheshire
Quartzite and Dunham Dolomite of t he western sequence are,
in general, quite distinct from the correlative Hoosac and
Pinney Hollow Formations of t he eastern cover sequence.
Thompson (1972), however, correl ate d t he Plymouth member of
the Hoosac Formation with the upper p art of the Cheshire
Quartzite and the lower part o f t h e Dunham Dolomite because
of striking similarities in l ith ologi es and textur es. It
appears, therefore, that simi lar depositional processes may
have operated in both sequences during part of their
development.
It is also wort h not ing t hat if Stanley and
Ratcliffe (1985) are correct in t hei r proposal that the
contact between the Hoosac and Pinney Hollow Formations east
of the Green Mountain massif and a r ound the Chester dome is
a thrust, then the contrast betwe en the cover sequences on
the west and east side of the massif need not be too great.
As described above, however, I interpret the Tyson, Hoosac,
and Pinney Hollow Formations as being stratigraphically
continuous.
If
this inter p r etaion is correct, the
significant lithological differences between the pelitic and
maf ic schists in the Pinney Hol low Formation and correlative
units in the western s h e lf sequence (see Thompson, 1972)
indicate that the easte rn a nd western cover sequences were
d e posited in quite diffe r e nt environments when the Pinney
Hollow Formation formed.
An important probl em is the possibility of north to
south facies variations i n the cover rock sequences in
addition to eas t to wes t variations. Dowling et al. (1987)
d e scribed north to sou th f ac i es variations in the Late
Proterozoic
Oak
Hil l
Group
of southern Quebec and
corre l ative units in t he camels Hump Group of northern
Ve rmont.
Such nort h to south variations may be important
no r th of the Gre en Mountain massif (cf. Tauvers, 1982),
howe v e r, they do not appear to be dramatic at the latitude
of the Green Mounta i n massif. Along the western boundary of
the mass i f , sou t h o f Clarendon to the thrust fault in
Pownal, Ve rmont e xposed on the mountain called The Dome
(Fig. 1 ), n ea r the Vermont-Massachusetts border, the Dalton
Formation a nd th e Cheshire Quartzite maintain a fairly
un i fo r m t hickness (Doll et al., 1961) and the most important
varia tion is the presence or absence of the phyllite unit in
the upp e r part of the Dalton Formation discussed above.
South of thr ust on Th e Dome, the Dalton Formation is
significantly th icker than it is to the north (Zen et al.,
1983), but the thrust h as truncated the details of the
tra n s ition in t h e Dal ton Formation.
Along the eastern
bounda ry of the massif from its northern end south to
J amai c a , Vermont, the Tyson, Hoosac, and Pinney Hollow
Forma t i ons ma inta in an a pproximately uniform thickness (Doll
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et al ., 1961 ) a nd the most important variation is t he
presence or absence of the Plymouth Member of the Hoosac
Formation. From Jamaica south to approximately the VermontMassachusetts border, two distinctive sequences of the basal
cover rocks are separated by thrusts (shown by Doll et al.
(1961) without intervening faults as the Cavendish Formation
vs. the Tyson and Hoosac Formations).
Skehan (1972)
suggested that these two
sequences could
be coeval,
represent east to west facies variations of each other, and
be separated by thrusts.
Karabinos
(1984) presented
structural evidence in support of these suggestions based on
mapping near Jamaica, Vermont and recent mapping by N.M.
Ratcliffe (shown in Zen et al.
(1983) and unpublished) in
southern Vermont also indicates that two distinctive cover
sequences are separated by thrusts.
These east to west
variations in the basal cover rock sequences are similar to
those described by Ratcliffe (1979) and Ratcliffe and Hatch
(1979) in Massachusetts and southern-most Vermont.
The age of faulting in the northern part of the Green
Mountain massif is poorly constrained; it could be part of
the Taconian or Acadian orogenies, or there may have been
more than one episode of thrust faulting. Uncertainty in
the correct age assignment of faults in the eastern Taconic
klippen, the Berkshire and Green Mountain massifs, and in
complexly deformed cover rocks east of the massifs imposes a
major
limitation
on
our
tectonic
and palinspastic
reconstructions of western New England.
Stanley and
Ratcliffe (1985) proposed that during the Taconian orogeny,
thrusting became generally younger to the east away from the
transport direction of the thrust sheets.
Thus, late
Taconian (and possibly Acadian) thrusts may truncate early
Taconian thrusts. Later thrusting would not only complicate
the structural geometry of the Taconian thrust belt but also
the palinspastic reconstruction of the relative depositional
sites of cover rocks from different thrust sheets.
Until much-needed radiometric dating of fault zone
material becomes available, I think it is reasonable to
correlate thrusting in the massif with Taconian faulting
elsewhere in western New England (Taconic Range: Zen, 1967;
Ratcliffe, 1979; Bosworth and
Rowley, 1984; Berkshire
massif: Ratcliffe and Harwood, 1975; Norton, 1975; Ratcliffe
and Hatch, 1979; northern Vermont: Stanley and Roy, 1982;
Stanley et al., 1982), although Acadian faulting is also
recognized in western New England (Ratcliffe, 1979).
In support
of
this
tentative
correlation, the
stratigraphic separation on the east side of the Taconic
Range near Rutland, Vermont is very similar to that along
the west boundary of the massif as shown in Figure 2. On
the east side of the Taconic Range, basal Cambrian or Late
Proterozoic units of the Taconic sequence, Biddie Knob,
Bull, and West Castleton Formations of Zen (1964) and Netop
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and
St .
Catherine
Formations
of
Thompson
( 19 67 ) ,
structurally overlie Ordovician forma t i ons of the western
shelf sequence or the Middle Ordovician synorogenic flysch
blanketing the shelf sequence. On the northwest side of the
Green Mountain massif, Middle Proterozoic basement and Late
Proterozoic to Cambrian eastern cover sequence rocks of the
Tyson and Hoosac Formations overl i e Cambrian to Ordovician
rocks of the western shelf sequ ence (Fig. 2). Virtually all
the rock types found in t h e Hoosac and Pinney Hollow
Formations, with the exception of ma fic schists, are present
in the basal units of the Taconi c sequence near Rutland. In
particular, Thompson (1967, p.
8 7 } noted
the strong
resemblance of the pairs Netop-St. Catherine in the Dorset
thrust sheet and the Hoosac-Pinney Ho llow Format i ons east of
the Green Mountain massif describ ed by Chang et al. (1965).
Therefore, it is possible that the sole f aults on the east
side of the Taconic Range, a t
least that of the Dorset
thrust sheet, and the northwest ma rgin of the Green Mountain
massif were once continuous and t hat the fault cut up
section to the west in the transport d irection.
If the sole
f a ults of the Dorset thrust sheet and the northwest margin
of the Green Mountain massif we r e once continuous, a minimum
thrust displacement of approx i mately 16 km is necessary to
account for the current s truc t u ral geometry
(Fig 1).
Naturally, a much larger thrust displacement is possible.
Although the basement-cover rel ationships indicate that
the massif is made up of two t ectonic units, it is unclear
at present how much relat i v e displacement between these
units occurred. If the wes t ern Taconic klippen (group 1 and
2 of Stanley and Ratcliffe , 1 98 5) were deposited east of the
Chester dome and were thrust over rocks of the Green
Mountain massif a s sugges t e d b y Stanley and Ratcliffe (1985)
the relative di s placeme nt bet ween the southwestern and
northeastern tectonic units of the Green Mountain massif may
b e a s little as 16 km as discussed above.
If, however, the
western Taconic klipp e n represent a transitional cover
s eque nce between the wes t ern shelf sequence and cover rocks
presently east o f t he Green Mountain massif as suggested by
Ze n ( 1 967) the relat ive displacement between
the two
t e ctonic units
i n the
massif must
be greater than
approximately 60 km to account for the present structural
geometry (Fig.l).
Thrust f a ults a re also present in the western cover
sequence in the Ve rmont v alley such as the Pine Hill thrust
(Fig. l; Wolf f , 1 891 ; Dale, 1894; Brace, 1953; Zen, 1964;
Thomp s on,
1 9 67 ) .
Thrusts involving Middle Proterozoic
baseme nt and the western cover sequence may form a duplex
s t r uct ure (Boyer a n d Elliott, 1982} which appears to extend
b eneath the Green Mountain massif and the Taconic Range.
Ando e t al.
(1 98 4 ) presented seismic evidence compatible
with t his interpretation (see also Stanley and Ratcliffe,
1 98 5 ) . A dup lex b e n eath the Green Mountain massif would
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also help account for its anticlinorial structure .
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ITINERARY
Assembl y point is parking lot on east side of Route 100
across from s k i area in West Bridgewater, Vermont, 0.3 miles
south of inte r section of Routes 100 and 4.
Mileage

o.o

Drive south on Route 100.
This stretch of the valley followed by Route 100 is
underlain by dolomite. The steep slope to the west
is held up by resistant rocks of the Middle
Proterozoic
Mount Holly Complex and the Late
Proterozoic to Lower
Cambrian Tyson Formation.
The steep slopes to the east
are formed by the
aluminous schists of the Late Proterozoic to Lower
Cambrian Hoosac and Pinney Hollow Formations.

1.1

Quarry in dolomite of the Tyson Formation east of
road. Outcrop of quartzite of the Tyson Formation
next to road on east and in stream to west.

1.6

North end of Woodward Reservoir

2.8

STOP l.Parking loop on west side of Route 100 just
south of Woodward Resevoir.
on west side of outcrop, where the steep slope
meets the parking area, is east-dipping, light
gray, clean quartzite of the Tyson Formation.
Heading east, the rock types are variable: quartzrich muscovite, biotite, chlorite schist; thin
layers of albite porphyroblast schist; quartzpebble conglomerate in a quartz matrix, a schistose
dolomite matrix, and dolomitic quartz matrix.
On the east side of Route 100 in an abandoned
quarry is a good exposure of the dolomite member of
the Tyson Formation. Many layers contain detrital
quartz grains. The dolomite is typically massive
and buff weathered, and sedimentary structures are
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Figure 3. Photocopy of a portion of the Killington Peak 7
1/2' quadrangle showing the location of stop 1. See
stratigraphy section in text for description of geologic
units.
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rarely preserved. The depositional environment of
this unit is difficult to reconstruct.
It is
widely but
not continuously
exposed: in the
Chester and Athens domes, on the east side of the
Green Mountain massif from the south near the
Vermont-Massachusetts border to the north end of
the massif near Pittsfield, Vermont and in some of
the cover rock exposures within the massif as seen
later at Stop 5.
(A
good
understanding
of
the
depositional
environment of this dolomite unit would be most
helpful in tectonic reconstructions.
Stanley and
Ratcliffe (1985) used this unit as evidence that
the continental shelf extended east of the Chester
and Athens domes and then argued that the Taconic
thrust sheets must have come from still farther
east because their sediments were deposited in
deeper water, presumably a slope-rise environment
(Friedman, 1979;
Rowley et al., 1979).
The
available evidence also permits the interpretation
that the dolomite unit of the Tyson Formation
formed as slump deposits derived from the shelf.
It commonly contains beds with detrital quartz and
dolomite grains, and at its lower boundary the unit
grades into dolomite-bearing schist, graywacke, or
quartzite of the Tyson Formation.
It is worth
noting that dolomite beds are locally present near
the base of the Taconic sequence (e.g., Zen, 1967),
therefore, the distribution of the dolomite unit
of the Tyson Formation may not prove that the
Taconic thrust sheets were derived fr6m east of
the Chester dome.)
Walk east just south of quarry to examine dolomite.
Continue
into
woods
to
outcrop
of albite
porphyroblast schist of the
Hoosac Formation.
Contact not well exposed here, but the lower part
of the Hoosac contain
minor magnetite.
This is
very common where the contact between the dolomite
unit and the Hoosac Formation can
be closely
bracketed (see also Thompson, 1972; and stop 5,
this trip).
Return to cars and drive north on Route 100.
5.9

Intersection of Routes 4 and 100, West Bridgewater.
Continue north on Route 100 and west on Route 4.

9.2

STOP 2.
Pull over on east side of road and cross
highway to outcrop on west side.
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The description of this outcrop is from Thompson
(1972).
It is duplicated here because the contact
between basement rocks of the Mount Holly Complex
and cover rocks of the Tyson Formation is exposed.
The basement
lithology is quartz, K-feldspar,
plagioclase, muscovite gneiss.
Upslope are good
outcrops of quartzite and quartz-rich gneiss with
abundant pegmatites.
The Tyson Formation is here composed
albite, muscovite, chlorite schist.

of quartz,.

A folded gneissic fabric in the basement rocks is
truncated at the unconformity.
Continue north on Route 100.
10.1

Turn right onto River Rd. Again, the
the road follows is underlain by
member of the Tyson Formation.

valley which
the dolomite

13.3

STOP 3.
Pull off road on
sharp bend in road.

walk west to

right and

At bend in road is augen gneiss of the Mount Holly
Complex.
Walk back,
northeast, and examine
lithologies along road.
The augen gneiss becomes
very sheared near the contact with blue quartzite
of the Mount Holly Complex. The blue quartzite is
coarsely crystalline
and
contains pegmatites.
Farther northeast is a conglomerate of the Tyson
Formation interbedded with
albite
schist and
carbonate-rich schist.
The same sequence of lithologies can be seen
walking northwest from bend in road or going
straight up cliff. The augen gneiss here is in the
core of a small antiform.
Return to cars and continue west.
13.9

Low outcrops
road.

of augen

gneiss in

pasture north of

View of Pico and Killington Peaks to south
14.1

Turn south (left) onto Route 100.

15.9

Turn left into parking area for Kent Pond.

16.0

Head south
Stop 4.
Park near east end of lot.
along shore to where Kent Brook flows into pond
Walk upstream to exposures of
(approx. 50 m).
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interbedded quartzite, marble,
rock of the Mount Holly Complex .

and calc-silicate

This package of interbedded quartzite , marble, and
calc-silicate rock is very common on the broad
terrace which runs north-south and is located east
of Pico Peak and west of the Route 100 valley.
Return to cars and Route 100.
16.1

Turn south (left) onto Route 100.

16.3

Turn west (right) onto Route 4.

17.8

Sherburne Pass and Long Trail crossing.
Cliffs on
north side of road, called Deer Leap, are composed
of cover rocks of the Tyson Formation. Some rather
spectacular conglomerates are present near the top
of the cliffs.

19.0

Beaver Pond on right side of road.

20.9

Turn right . onto Old
Turnpike
Killington-Pico Motor Inn.

22.1

Pavement ends.

22.6

Road narrows, continue straight ahead.

23.2

STOP 5.

Road,

opposite

Pull off to side of road.

Fine-grained dolomite of the Tyson Formation in
road bed.
Walk north O.l mile and turn east
(right)
into woods along obscure dirt track for
approx. 45 m to abandoned quarry.
Fine grained,
buff-weathered dolomite.
Head due east 150 m to base of steep slope. Here
is magnetite-rich albite schist of the Hoosac
Formation.
Upslope are layers of quartzite and
quartz-rich schist. Further upslope are exposures
of augen gneiss.
I interpret the augen gneiss here to be in thrust
contact with the Hoosac Formation and to occupy the
core of a synform (Fig. 4). The outcrop pattern on
this unnamed hill is complicated by at least two
sets of post-thrusting folds. The first set forms
an east-closing, nearly recumbent synform.
The
second set of folds is more upright and open and
is variably oriented.
Return to cars.

Drive south to return to Route 4.
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Figure 4. Photocopy of a portion of the Pico Peak 7 1/2'
quadrangle showing the location of Stop 5. See Stratigraphy
section in text for description of geologic units.
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26 .0

Turn wes t

(righ t) onto Route 4 .

2 7 .1

Long outcr op on left of d ive r se l i tholog ies in t he
Mount Holly Comp lex.
Quartzites , rusty schists,
calc-silicates rocks , and feldspathic gneisses.

2 8.3

STOP 6. Turn right into p a rking lot of Sugar and
Spice Pancake House j ust past Meadowlake Drive.
Walk 0.2 miles west along Route 4 to outcrop on
left of road.
Blue , vitreous quartzite o f the Mount Hol l y Complex
containing pegmatites.
Across the road is a
pasture with no exposu re (a rather unusual setting
for the basal elastics of t he Dalton Formation and
Cheshire Quartzite).
The p asture is probably
underlain by carbonates o f
the western shelf
sequence.
South of here on the we s t
s l ope of East Mountain
are good expos ures o f conglomerate, schist, and
dolomite
which I i nterpret as belonging to the
Tyson and Hoosac Format i ons.
Return to cars and drive west on Route 4.

29.5

Turn south (left) onto Town Line Rd.

3 1 .3

Turn west (right) onto Killington Rd. at stop

3 2. 3

Turn south (l e ft) onto St ratton Rd. at stop sign.

3 2.9

Turn left onto All e n Rd. at traffic signal.

3 4.6

STOP 7. Pull o ff onto side of road or off of
drive wa y on east side of road. Walk past Caboose
and into tree farm. Head to the northeast corner
of p as ture and cross fence.
Head due east and
look for outcrop of light gray, vitreous quartzite
wi th c ross -beds showing tops to east. Cross-beds
a ls o p resent in dolomite beds nearby.

si~n.

Qua rtzite b eds are part of the Danby Formation.
Farth er east uphill are exposures of gray dolomite
o f the Clarendon Springs Formation and calcite
marb le o f the Shelburne Marble.
Wal k e a st through woods approx. 500 m to break in
s lope on west side of Bald Mountain.
Outcrop of
c on g l omera tic unit of the Tyson Formation.
Exposu res of basement lithologies are present at
t he b reak in slope along strike to the north and
s ou t h.
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Figure 5. Photocopy of a portion of the Rutland 7 1/2'
quadrangle showing the location of Stop 7. See Stratigraphy
section in text for description of geologic units.
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Brace (1953} mapped a t h r u st betwee n the qua r t z i te
and marble outcrops i n
the pasture
and the
conglomerate
exposure s a t the break in slope of
Bald Mou ntain.
He interpr eted the thrust as a
break in the we s tern cover sequence, whereas I
propose that it j uxtapo s es eastern and western
cover sequence rocks.
The evidence for this
interpretation include s : 1) The
similarity of
lithologies and sequence o f rock types between the
Tyson and Hoosac Fo r mations on the east side of the
massif (and in thrust she ets within the massif) and
the cover rocks expos ed along the west boundary of
the massif;. 2) nowhe re a long the west boundary of
the massif in the area of Figure 2 is it possible
to demonstrate stratigra p hi c continuity between the
rocks I have mapped as Tys on and Hoosac Formations
and the Cheshire Quart z i t e; 3 ) just south of the
area shown in Fig. 2 in the Wallingford, Vermont,
15 1 quadrangle, where it i s possible to demonstrate
stratigraphic continuity from the basement-cover
unconformity upward t o the Cheshire Quartzite, the
basal conglomerate g rades very rapidly into the
clean quartzites of the Cheshire Quartzite; only
minor beds of phylli te are present, trivial in
compari s on with the thick sequence of graywacke,
phyllite, and schi s t p resent along the west margin
of the massif nort h of Clarendon, Vermont; and 4)
in the northwe stern p art of Figure 2 a significant
area underlain by dolomite and calcite marble
s hown by Doll
et al.
{1961)
as the Forestdale
Marbl e (a unit in t he Mendon Formation of Whittle,
1894) contains lithologies identical to the Dunhan
Do l omit e ,
Monkton
Quartzite,
and
Winooski
Dol omi te , which I
have mapped as part of
the
west e rn
cover
sequence.
This stratigraphic
r ei n terpretation, if correct, indicates that the
Tyson and Hoosac Formations are in thrust contact
with the western shelf sequence in this area.
Return to cars. Return to Route 4 by reversing
d irections back to stop 6. To go to Route 7 return
t o road , drive south 0.4 mi. and bear right where
r oad forks.
Turn right at intersection and drive
west 0.8 mi . to Route 7.
END OF TRIP
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WINOOSKI RIVER TRANSECT:
REFOLDED FOLDS AND THRUST FAULTS IN THE
CORE OF THE GREEN MOUNTAIN ANTICLINORIUM
Peter J. Thompson and Thelma Barton Thompson
Geology Department, Cornell College
Mount Vernon, Iowa 52314

INTRODUCTION
A transect across the Camels Hump Group parallel to the
Winooski River is being mapped from Jonesville to Waterbury,
Vermont, in the Camels Hump 15' quadrangle as part of the
Vermont Bedrock Geology Mapping Project. This report is
based on field work in the summer of 1986 and in June, 1987,
and is presented as a progress report rather than final conclusions. The report incorporates detailed mapping by Eiben
(1976) and Aubrey (1977), on Stimson Mountain and the northern ridges of Camels Hump, respectively. The Winooski River
cuts a deep WNW valley transverse to the dominantly N-S
trending structures, thus providing a deeper view of structures which, on the Green Mountain ridges, appear as parallel
belts of rock due to low-plunging late folds.

GEOLOGIC SETTING
The late Proterozoic Camels Hump Group occupies the
center of the Green Mountain anticlinorium, covering a twenty-mile-wide area at the latitude of the Winooski River {Doll
et al., 1961). The hinge of the anticlinorium lies approximately halfway between Jonesville and Waterbury, passing
close to the summits of Camels Hump and Bolton Mountain
{Christman and Secor, 1961). The hinge shifts en echelon
eastwards from south to north, and along the crest there is
a mile-wide zone of fairly flat-lying rocks. The apparent
lack of symmetry in rock units across the anticlinorium was
explained by Christman and Secor (1961) as facies interfingering between Underhill and Hazens Notch Formations {fig.
1). Eiben (1976) concluded that earlier phases of folding
unrelated to the anticlinorium were important in controlling
the map pattern. He mapped out greenstones and several types
of schist around Stimson Mountain as different members of
the Underhill Formation {fig.2). Aubrey (1977) followed a
similar interpretation, but suggested that some of the rocks
might belong to other formations of the Camels Hump Group.
Stanley and Ratcliffe (1985) concluded that early faults,
as well as facies changes and folds, must be considered in
the interpretation of map patterns within the group. The
Camels Hump Group is continuous to the south with rocks
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along the eas t side of the Gr een Mountain anticlinorium ,
which according to Stanley and Ratcliffe ( 1985) contain the
root zone for the Taconic allochthons.

STRATIGRAPHY
The Camels Hump Group (Doll et al., 1961) includes rocks
deposited in three different, though""""idjacent, tectonic settings:
elastic and volcanic rift facies deposited on North
American continental basement (Pinnacle Formation and Tibbet
Hill Volcani c s ), transitional continental slope and rise
graywackes and shales ( Underhill and Pinney Hollow Formations) , and ocean floor eugeoclinal carbonaceous pelitic
rocks and v o lc anics (Hazens Notch Formation) • These rocks
were juxtaposed and imbricated during the development of an
accretionary wedge along the eastern margin of the continent
(Stanley and Ratcliffe , 1985 ) . Only the Hazens Notch contains local slices of metamorphosed ultramafics; its western
contact thus corresponds to Cameron's Line.
Pinnacle Formation
The Pinnacle Formation is characterized by pin-striped
metagraywackes and greenish-gray phyllite and schist. Blue
quartz grains and local quartz conglomerate beds have been
reported (Christman and Secor, 1961; Thresher, 1972) •
Thresher's work showed that typical Pinnacle graywackes (his
Huckleberry Hill Member) contain biotite and stilpnomelane,
whereas others contain chloritoid but lack biotite (the latter he assigned to the Underhill Formation) • The Pinnacle
Formation crops out mainly west of the area we have mapped,
but there are metagraywackes or granulites in the area which
might belong to the Pinnacle.
Underhill Formation, sensu stricto
We have mapped rocks as Underhill Formation using much
stricter criteria than Christman and Secor (1961), Doll et
al. (1961) , Eiben (1976) and Aubrey (1977). The Underhill
consists mainly of silver-green magnetite-bearing chloritemuscovite-quartz (-albi te) schist and gneiss. Biotite and
garnet are rarely present. There are local lenses of quartzfeldspar granulite. Magnetite is present in nearly all outcrops of the Underhill, either as conspicuous porphyroblasts
or as finely disseminated grains. Pyrite may be present,
but is rarely abundant enough to impart rusty weathering to
the rocks, in contrast to the Hazens Notch Formation.
Graphite may be locally present, giving the rock a dark blueblack color. Magnetite and non-rusty weathering are thus
the chief field criteria used in mapping the Underhill.
Rocks of the Underhill are relatively resistant and form
many of the cliffs north of the river in Bolton, as well as
494

C- 8

-

-~

;

.,,.
c: "
~...:.:

-" i..

" "
.......
""

I
'- >
/

/

I

I

I ..._
I -<:::..

....

/

I

I

I

-:,\

,.:r

I
I

1/
I

I

I

I
I

0

1000

fnr

------~

Mountain, after
Fig.2 Geology of area west of Stimson rotation sense.
F2
fold
Eiben (1 9 76 ). Arrows indicate

Fig.3 Sketch from outcrop
of typical sheared F2 fold
hinges.

495

C-8

the surrunits of Camels Hump, Bone Mountain and Mount Mansfield. We have not yet encountered greenstones within the
Underhill in Bolton, but they are present elsewhere in the
Underhill in the quadrangle (Christman and Secor, 1961).
Hazens Notch Formation
The Hazens Notch Formation is the most heterogeneous
unit mapped. Christman and Secor (1961) mapped a contact
between Underhill and Hazens Notch Formations east of, and
parallel to, the anticlinorial hinge (fig.l). Rocks of the
Hazens Notch Formation consist of rusty-weathering, sulfidic,
chlorite-muscovite-biotite-quartz(-albite-garnet) schists
interlayered with strongly graphitic, black schists with
similar mineralogy. There are local horizons of tanweathering carbonate. Several layers of greenstone and
amphibolite occur within the rusty and graphitic rocks.
Rock types similar to those of the Hazens Notch are
exposed in many places west of the anticlinorium, within
what Christman and Secor (1961) mapped as Underhill Formation. They recognized this problem, and found that "each
unit contained local layers similar to all the other units"
(Christman, pers. comm., 1987). Eiben (1976) mapped a detailed stratigraphy on Stimson Mountain which we interpret
as an imbrication of rocks from the Underhill, Hazens Hatch,
and possibly Pinnacle Formations. Those rocks belonging to
the Hazens Notch are:
rusty albite schist with local lenses
of granulite and marble; rusty graphitic schist with 1-5 cm.
black quartzites and local tan carbonates; deep red, rusty
micaceous schist; light gray garnet schist with quartz laminae; and greenstones. Eiben (1976) reported a variety of
metavolcanics and concluded that amphibolites were more
commonly preserved in fold hinges whereas greenschists
resulted from higher shear strain and retrograde metamorphism on fold limbs.
The metavolcanics in the Hazens Notch east of the anticlinorial hinge are also variable, including chloritealbi te-carbonate-epidote greenstone, chlorite-albite-quartz
schist, and amphibole-albite-epidote-chlorite amphibolite.
One occurrence of talc-carbonate rock was found within the
Hazens Notch Formation in a roadcut along Route 2 near
Bolton Dam.
We have attempted to map the Hazens Notch-like rocks
separately from the Underhill, and the resulting pattern is
shown in figure 4. Greenstone marks the main contact along
the east edge of the Underhill east of Bone Mountain, but
in many other places there is no greenstone between them.
It is doubtful that the Underhill-Hazens Notch contact is
anywhere a depositional contact. In some pl.aces the contact
is clearly a fault, as discussed below. Elsewhere, rela-
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tionships are uncertain, especially where both units become
richer in albite near the contact (Eiben, 1976 and Aubrey,
1977), a phenomenon also noted in the Bakersfield-Waterville
area to the north {Thompson, 1975}. The albite porphyroblasts cut across the foliation and are interpreted as
Acadian in age. Late metamorphism may thus obscure the
original nature of the contact, making it appear transitional.

STRUCTURE
Phase Three Structures
The Acadian Green Mountain anticlinorium dominates the
structure of the Bolton area. Along its hinge bedding and
foliation are nearly horizontal. Most outcrops contain
minor folds related to the anticlinorium. The folds plunge
gently south or north, with axial planes dipping steeply to
vertical. West of the hinge the folds have an asymmetrical
shape and west-over-east rotation sense, and east of the
hinge, the folds are east-over-west. Folds with both senses
of rotation, or folds with symmetrical {neutral} ' shape, are
found in the hinge area. In the more schistose rocks a
crenulation cleavage or spaced cleavage parallels the axial
planes. The Acadian structures have been called "phase
three" because there is evidence for two older phases of
deformation {Eiben, 1976}.
Phase Two Structures
The phase three folds {F3} discussed above deform both'
bedding and a pervasive foliatipn {S2} which is parallel to
the axial planes of phase two folds {F2}. F2 folds are
generally isoclinal and ver:1 commonly show evidence of shearing along limbs {fig.3}. F2 fold axes have a -.;,vide spread in
orientation, but many are approximately parallel to the
Acadian F3 fold axes. F2 folds are believed to be Taconian
in age.
F2 folds are unfortunately much less common than F3
folds. Close attention to the rotation senses in map pattern
and in outcrops near contacts aids in understanding the
history of deformation. South of Bone Mountain layers of
Underhill and Hazens Notch Formations are repeated, the
Underhill forming cliffs and steep slopes and the Hazens
Notch forming gentler slopes {fig.4}. If the alternating
layers were due to F2 isoclinal folds, the rotation sense
of related minor folds should change back and forth. However, only west-over-east F2 minor folds have been found.
Faults have apparently "sheared out" the east-over-west F2
folds. Eiben (1976} based his fold interpretation of the
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greenstones west of Stimson Mount a in ( f i g . 2 ) in p art on F2
rotation reversals. Th e same rock type is not consistent l y
west of the greens tone , howeve r, and the greenstone canno t
be followed conti nuo usly north of Eiben's area ( fig. 4) . An
interpretation involving faults as wel l as fo lds is probab ly
more correct.
Faults
Evidence for faul t s is of three kinds:
(1) contacts
truncated by other c ont acts, (2) discontinuous slices, a nd
(3) field evidence. Along th e e a stern contact of the main
mass of Underhill Formation north of none f·1 ountain the r e i s
consistently a greenst one, di pping east under the IIazens
Notch Formation. To the south t his contact appears to t runcate layers of Hazens Notch with in the Underhi l l. East o f
the contact is an exceedi ng l y c o mplex zone about a hal f - mile
wide in which slices of gree nstone, Underhill mag netite
schist, and white quartz ite occur within rocks typical o f
tl1e Hazcns Notch Forma t ion . As of this writing detai led
mapping of this zone is unden.r ay. We suspect i t may re p res e nt a pre-metamorphic fa ul t zone. One confusi n g a s pe ct of
the zone is that altho ugh the l a yers are dis con ti n uous , the
sequence of rock t ypes across strike mai n tains s oi~ s e mblance
of order for hundred s o f f eet along strike.
Direct fie l d evidence of faults is best obse rved along
the Underhil l -Hazens No t ch contacts south of Bone Mountain.
F 2 f o lds and pe r v as ive foliation are l oc a lly t r u ncated.
Ex tre mely sheare d s ulfidic schists wi t h pape r y tex ture and
brecc iated qu artz veins occur mainly wi thi n t he Hazens Notch.
F3 fo lds def orm t hese features, indic at ing a late Taconian,
pre - Acadian a ge for the faults.
Phase One Struc tu res
S trongly de veloped E-W mine r al lineations and quartz
rods and scarce isoclinal E-W f old hing es (Fl) suggest a
phase of deformation o lder t han F 2. F l folds may have been
rotated to their E-W orientations d u ring F2 deformation,
and this orientation may indicate the sense of movement
during F2.

.METAHORP HIS M
Platy minerals common l y are parallel to the pervasive
foliation (Taconian met amorphism?) , but locally biotite and
muscovite grains (Acadi an ?) lie across the foliation.
Christman and Se cor (19 6 1) showed the Bolton area mostly
within a four- to five- mi l e wide garnet zone which coincides
with the Green Mountai n a n ticl i norium. However, the garnet
isograd along the we s t side c orresponds roughly with the
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western limit of patches of Ilazens Notch Formation, and
thus may reflect the presence or nbsence of rocks of 21ppropriate composition rather than P-T conditions.
(The Underhill Formation rarely contains garnet or biotite.)
The present authors have done no thin-section work to
date. Samples of amphibolite have been collected for study
by Jo Laird to determine whether the amphiboles show evidence for a high-pressure Taconian metamorphism preceding
the Acadian greenschist metamorphism.
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ITINERARY
Assembly point is Quinn's Store and Post Office,
Jonesville, Vermont, on Route 2 between Richmond and Waterbury, at 8:30 A.M. Topographic Maps: Richmond, Bolton
Mountain, and Waterbury 7.5' quadrangles. People approach-
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ing Jones vi lle from Waterbury have exce llent v i e ws of Bone
Mountain cliffs as they lea ve Wa t erbury . Op ti on a l stop s
are intended to replace S t op 4 in case of inclement weath er.
Mileage

o.o

STOP 1: North s i de of Route 2 opposite Post Offi c e.
This i s mainly a s top t o ins pect th e Pinnac l e Formation:
chlorite s chi s t an d pin-striped metagraywacke granulite with b lu e quartz. Blue quartz i s
more abundant in ma ss i ve granulite (Stop 8,
Thresher, 1972) 0. 1 mi l e east. At Stop 1 early
folds are defor med by up r ight Acadian folds wi th
associated spaced cleava ge , and still younger
(late Acadian?) kink b ands.
Consolidate transporta tion and purchase lunch
materials if necessa r y.
Proceed east on Rou te 2 .

0.3

Long Trail crosses Win o oski River and Route 2 .
Underhil l Formati on in roadcut on left.

1. 4

Turn left (nor th ) o n Bolton Notch Road u nd e r
Route I-89.

1.5

Small roadcut:
schist.

1.9

Whe r e road becomes paved turn lef t onto roa d to
gr a v e l pit.

2. 0

STOP 2 : P ark in gravel pit. Wa lk t hrough woods
along sou th edge of pit and follow former Long
Trail 9 0 0 feet west along na rrow gla cial ridge
(es k er? ) toward Duck Brook .
First outcrops along
t rail are silver-gree n magnetite schist of Underh ill Formation.
F3 folds have a west-over-east
sense of rotati o n, whereas ?2 folds are east-overwest. Leave tr ai l a nd go directly down to Duck
Brook. Next l arge outcrops to west are Hazens
n otch Formation:
r u s ty and graphitic schist.
These rocks are t h e westernmost exposures of IIazens
Notch Formati on we h ave found to date, and are
believed to be a fa u lt slice. Follow Hazens Notch
outcrops west along south side of brook. Dark
gray qu art z i te at 130 feet. Western contact ..vith
the Underhi l l (115 feet farther west) is marked
by quartz veins which cut a tan-weathering
"phyllo n ite ". Th e actual contact is poorly
expose d . Du ck Brook descends over ledges of
Unde rhill t o the west . Return to vehicles and
r e turn t o Ro u te 2 .

Und e r hi ll Forma t i o n magnetite
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2. 7

Tur n le f t {east ) on Route 2 . View of Stimson
Moun t ain to NE mapped by Eiben {1976) .

3.1

Optional STOP A: Roadcuts both sides of road.
IIazens Notch Formation:
rusty-weathering, locally
graphitic schist with black albite and pyrite.

3.3

Turnout:
Rusty schist on north side of road.
Projection from greenstone outcrops north of Route
I-89 suggests that greenstone crosses Route 2
between this outcrop and Stop A. to the west {see
fig .2).

3.4

Turnout . View of north ridges of Camels Hump to
SE mapped by Aubrey {1 977) .
STOP 3: Roadcuts on north side of Route 2.
West end of cut : quartz-feldspar-biotite granulite, massive with local {?) primary layering.
This rock t y pe is not typical of Hazens Notch Formation. Could it be a slice of Pinnacle Formation?
It extends about a mile north from Stop 3.
East end of cut: granulite interlayered with rusty
Hazens Notch-like schist. The proportion of schist
generally increases towards east end of cut.
Quartz-calcite veins locally abundant. Joint surfaces coated with iron oxides. Foliation dips
fairly steeply west. Proceed east on Route 2 ..

3.6

View north toward cut on Route I-89: Underhill
magnetite schist. A layer of Underhill sandwiched
within Hazens Notch forms most of the cliffs
visible on the south slope of Stimson Mountain
(fig.2).

4.7

Turn left (north) on road to Bolton Valley Ski
Area (under Route I-89).

4.9

Optional STOP B: Devil's Washbowl, Joiner Brook.
No hammers. Hazens Notch Formation: black albite
schist with rusty horizons. Falls formed when
glacier lowered base level in Winooski River valley.

7.0

Optional STOP C: Large, slanted outcrops north of
road--smooth and s lippery--use care!
Underhill Formation:
albitic layers define eastover-west dismembered F2 folds, some of which are
deformed by F3 .

7.5

Road crosses Joiner Brook.
Foliation still dips west.

8.8

Small road cuts south of road.
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ti on .
9.0

F oli ation nearly horizontal.

Bolton Valley Ski Area.
Dolton Mountain is highe st peak to north.
Park in public parking area
b e low road.
STOP 4: Hike up ski trail east of lift #3 (behind
real estate office and swirruni ng pool) . Ab undant
outcrops of Underhill Formation from elevation
2240 to 2420', at top of lift #3, where we will
go slightly down to the east to another ski trail
which continues up to the south.
Elevation 2440': View to north of Bolton Mountain.
Conspicuous cliffs on Bolton (alternate Stop 4)
are Underhill Formation with flat-lying foliation
which is axial planar to large F2 folds.
Farther
east along the ·cliffs recumbent F2 folds deform
greenstone found at the Underhill-Ilazens Notch
contact. The Lon9 Trail fo llows the base of these
cli f fs and then goes to Bolton Mountain summit,
which is ru3ty garnet schist of the Ilazens Notch
Formation.
•

.

j.

E levation 2600': Ski trail reaches greenstone
overlying Underhill Formation (contact is poorly
exposed here) • This contact trends northerly
acro3s the upper ski slopes to the Bolton Mountain
location described above.
Elevation 2630': Greenstone overlain by Hazens
Notch Formation.
Rus ty schist is interlayered (or
folded?) with greenstone at the contact.
Elevation 2630 to 2780': Excellent exposures of
typical IIazens Notch Formation (rusty biotite
schist, locally very graphitic).
Return to vehicles and return to Route 2.
12.3

View of Camels Hump ahead to south:
relief.

3740 feet of

13.3

Turn left (east) on Route 2. Bamforth Ridge to
SE, across river:
Underhill Formation.

13.5

Roadcuts to left (north): Underhill and Ilazens
Notch interlayered. Foliation dips west.

13.9

Cliffs to north behind trailer park are Underhill;
the small valley between them and "Bolton Ledges"
is Hazens Notch.

14.2

" Bolton Ledges":

14.6

Crossing anticlinorial hinge. Distant glimpse to
north of cliff on Bone Mountain (elevation 2200');

Tall cliff of Underhill.
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flat lying late Taconian fault separates Underhill
Formation in cliff from underlying Hazens Notch.
15.1

Turn left (north) on narrow dirt road.

15.3

STOP 5: Pinneo Drook. No hanuuers. Waterfall;
potholes in Underhill Formation; foliation now
dipping east.
Albitic gneiss layer in east-overwest F3 fold.
Return to Route 2.

15.4

Turn left (east) on Route 2, past roadcuts:
mostly Underhill with minor rusty layers, dipping
moderately east.

16.2

STOP 6: Turnout on north side of Route 2;
roadcuts in woods if time permits. Watch traffic!
6~:
Roadcut 0.1 mile west of turnout. Underhill
Formation: silver-green magnetite schist and albitic gneiss. Atypical layer with large garnets
toward west end.
At low east end of cut, "pseudo cross-bedding"
formed by albi tic layering (N4E, 43SE) and foliation (Sl?) (NlSW, 39NE). S2 foliation defined by
chloritic partings is oriented N7E, 50SE. In
remainder of cut, F3 folds are east-over-west and
S3 spaced cleavage is nearly vertical.
30 feet from east end: compositional layering
is cut by a fault surf ace that is hard to see in
the fresh roadcut.
Using extreme caution, follow
along top of cut (easy access to top at west end)
to find the fault on the natural outcrop, where
it is deformed by an isoclinal fold (axial plane
N7W, SlNE; hinge plunges east). Whether this is
_an Fl or F2 fold, the fault must be older (before
peak Taconian metamorphism) •

6B: Roadcut: east of turnout. Be careful under
tall roadcut--watch for falling rocks.
IIazens Notch Formation. Continue on foot to
greenstone exposed at county line sign. This
greenstone can be followed to the north to Stop 4,
but here it has Hazens Notch Formation on both
sides. .The details of this map pattern are being
worked out as of this writing; a revised edition
of figure 4 will be available in October.
Return to vehicles and proceed east.
16.8

Long roadcut under power lines; second greenstone
within Hazens Notch Formation. The same greenstone is also exposed below Bolton Dam and south
of the Winooski River. Small body of talc-carbonate schist near east end of cut.
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